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ABSTRACT 

A d e t a i l e d  a n a l y s i s  of Space S h u t t l e  
n a v i g a t i o n  for each of t h e  major m i s s i o n  phases 
is p r e s e n t e d .  A c o v a r i a n c e  a n a l y s i s  program fo r  
p r e l a u n c h  IMU c a l i b r a t i o n  and a l ignmen t  f o r  t h e  
Orb i t a l  F l i g h t  T e s t s  (OFT) is described and a 
pa r t i a l  error budget  is p r e s e n t e d .  The a s c e n t ,  
o rb i t a l  o p e r a t i o n s  and  deorbit  maneuver s t u d y  
c o n s i d e r e d  GPS-aided i n e r t i a l  n a v i g a t i o n  i n  t h e  
Phase I11 GPS (1984+) t i m e  frame. The e n t r y  and  
l a n d i n g  s t u d y  e v a l u a t e d  n a v i g a t i o n  per formance  
f o r  t h e  OFT b a s e l i n e  sys tem.  
b u d g e t s  and s e n s i t i v i t y  a n a l y s e s  are p r o v i d e d  
for both t h e  a s c e n t  and e n t r y  s t u d i e s .  

Detai led error 
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1. INTRODUCTION 

The n a v i g a t i o n  sys t em f o r  t h e  Space S h u t t l e  w i l l  
employ a v a r i e t y  of n a v i g a t i o n  a i d s  i n  p r o v i d i n g  accurate 
navigation f o r  t h e  entire mis s ion  s c e n a r i o  from l aunch  t o  
l a n d i n g .  P r e v i o u s  s t u d i e s  by TASC have  f o c u s s e d  on t h e  de- 

velopment o f  error models f o r  t h e s e  n a v i g a t i o n  a i d s ,  t h e  
f o r m u l a t i o n  of n a v i g a t i o n  s o f t w a r e  a l g o r i t h m s  based upon t h e  
error models, and t h e  generation of d e t a i l e d  per formance  
p r o j e c t i o n s  for  c a n d i d a t e  n a v i g a t i o n  sys tem implemen ta t ions .  
As i n d i c a t e d  i n  F i g .  1-1, t h e s e  e f f o r t s  have  encompassed 
Space S h u t t l e  n a v i g a t i o n  d u r i n g  each of t h e  major m i s s i o n  
phases .  TASC has c o n t i n u e d  these a c t i v i t i e s  i n  t h e  c u r r e n t  
s t u d y  w i t h  emphasis  on e v a l u a t i o n  of p o t e n t i a l  changes  i n  t h e  
n a v i g a t i o n  s y s t e m ,  i n c l u d i n g  b o t h  software changes  and new 
n a v i g a t i o n  a i d s ,  which c o u l d  s i g n i f i c a n t l y  improve Space  
S h u t t l e  n a v i g a t i o n  per formance .  

The c u r r e n t  s t u d y  h a s  c o n s i d e r e d  t h r e e  facets of 
n a v i g a t i o n  system performance:  

0 Pre launch  I M U  c a l i b r a t i o n  and a l ignmen t  

0 GPS -a ided*  n a v i g a t i o n  f o r  t h e  ascent,  
o r b i t  and d e o r b i t  m i s s i o n  p h a s e s  

0 E n t r y ,  p r e l a n d  and l a n d i n g  m v i g a t i o n  

The c a l / a l i g n  and e n t r y  s t u d i e s  a d d r e s s e d  n a v i g a t i o n  s y s -  
tem per formance  f o r  t h e  c u r r e n t  O r b i t a l  F l i g h t  T e s t  (OFT) 
b a s e l i n e  s y s t e m .  T h e  GPS s t u d y  e v a l u a t e d  t h e  improvement 
* 

NAVSTAR - Global  - P o s i t i o n i n g  - System 

1-1 
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F i g u r e  1-1 Summary of  TASC S t u d i e s  R e l a t i v e  t o  
Space  S h u t t l e  N a v i g a t i o n  (1973-1976) 

i n  n a v i g a t i o n  accuracy which c o u l d  be  a t t a i n e d  by u s i n g  GPS 
as t h e  p r imary  n a v i g a t i o n  a i d  f o r  t h e  Space S h u t t l e .  Each of 
t h e s e  s t u d i s s  is d i s c u s s e d  i n  more d e t a i l  i n  t h e  f o l l o w i n g  
sect i o n .  

1.1 OVERVIEW 

The g u i d a n c e ,  n a v i g a t i o n  and c o n t r o l  f u n c t i c n  f o r  
t h e  Space S h u t t l e  w i l . 1  be p r o v i d e d  by t h e  O p e r a t i o n a l  Navi- 
g a t i o n  Program (OKP). Those elements of t h e  ONP which d i r e c t l y  
a f f e c t  n a v i g a t i o n  per formance  a re  t h e :  

a IMU Subsystem O p e r a t i o n  Program (SOP) 

a N a v i g a t i o n  s o f t w a r e  

e Redundancy management s o f t w a r e  

1-2 
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/ 

The INU SOP pe r fo rms  t h e  basic ground f u n c t i o n  of ca l ib ra t - /  
i n g  and a l i g n i n g  t h e  IMUs. During  f l i g h t ,  i t  i n t e r r o g a t e d  
t h e  IMUs and compensa tes  t h e  measured i n e r t i a l  v e l o c i t i  

g a t i o n  software are t h e  compensated i n e r t i a l  v e l o c i t i e s  as 
w e l l  as measurements  o b t a i n e d  f roq  t h e  e x t e r n a l  n a v i g a t i o n  
aids.  The n a v i g a t i o n  software processes t h e s e  i n p u t s  t o  
g e n e r a t e  estimates of v e h i c l e  p o s i t i o n  and v e l o c i t y .  The 

f o r  t h e  calibrated i n s t r u m e n t  errors. The i n p u t s  t o  ,i t e nav i -  

redundancy management software -2rforms basic  c o n s i s t e n c y  
c h e c k s  on data  g e n e r a t e d  a t  t h e  subsys tem l e v e l ,  e . g . ,  IMU 
o u t p u t s ,  s e n s o r  o u t p u t s ,  p o s i t i o n  estimates, e tc .  The s t u d i e s  
p r e s e n t e d  i n  t h i s  report deal only w i t h  t h e  IMU SOP and t h e  

n a v i g a t i o n  software. The scope of t h e  s t u d i e s  i s  o u t l i n e d  
i n  t h e  f o l l o w i n g  s u b s e c t i o n s .  

1.1.1 C a l i b r a t i o n  and Alignment A n a l y s i s  

I n  J a n u a r y  1975, TASC i n i t i a t e d  a v 3 r i f i c a t i o n  and 
v a l i d a t i o n  (VetV) program f o r  t h e  IRE s o f L  'dre a l g o r i t h m .  The  
program was f o r m u l a t e d  i n  th ree  phases  (see F i g .  1.1-1) - 
a n a l y t i c a l ,  f u n c t i o n a l  and per formance .  As e a c h p h a s e w a s c o m -  
p l e t e d ,  a series of recommended a l g o r i t h m  m o d i f i c a t i o n s  were 
d e l i v e r e d  t o  NASA and ,  f o l l o w i n g  a p p r o v a l  by N A S A ,  i n c o r -  
p o r a t e d  i n t o  t h e  I ? U  software baseline.  A summary of t h e  

f irst  two phases ,  and pa r t  of t h e  t h i r d  p h a s e ,  was p resen ted  
i n  R e f .  1. A summary of subsequen t  progress  on t h e  per for -  

mance phase  is i n c l u d e d  i n  t h i s  r e p o r t .  

T h e  per formance  phase  of t h e  V&V program a p p l i e s  
three d i f f e r e n t  t e c h n i q u e s :  

1-3 



THE ANALYTIC SCIENCES tClRPORATION 

I 1 

Figure 1.1-1 TASC Approach t o  Calibration and Alignment 
Software Verif icat ion and Validation 

0 Comparison of KT-73 ca l ib ra t ion  and 
alignment test data  w i t h  t h e  Shu t t l e  
performance spec i f i ca t ions  

0 Monte ca r lo  ana lys i s  

e Cor a r  i an ce an a 1 y s is 

Since t h e  KT-73 IBlII i s  generical ly  r e l a t ed  t o  t h e  Space Shut t le  
INU, r.rd since t h e  caLibration programs a r e  a l s o  s i m i i s r ,  t h e  

KT-73 Data BwAk ( R e f .  19) developed and maintained by TASC f o r  
the U.S. A i r  Force is a valuable too l  f o r  evaluating t h e  ab i l -  
i t y  of t h e  IW scftware t o  c a l i b r a t e  and a l ign  t h e  Space Shut t le  
IMUs i-n an operational e?%.-ironment. The  Data Bank a l s o  pro- 
rides a u s e f u l  data source for  updating t h e  IMU e r r o r  models 
and i n  many wags w i l l  complement t h e  IAIU test data  cur ren t ly  
being generated by N A S A .  

The  monte c a r l o  and covariance simulations proyide 
complementary vantage points fo r  computer-based ana lys i s  of 
the IMU software performance. The monte ca r lo  simulation is 

a high f i d e l i t y  simu:!ation developed t o  ensure tha t  the IMU 
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s o f t w a r e  algorithm c a n  c o n t r o l  t h e  IMUs and e x e c u t e  t h e  c a l /  
a l i g n  f u n c t i o n .  The s i m u l a t i o n  is ex t r eme ly  u s e f u l  f o r  
g e n e r a t i n g  coarse o v e r a l l  per formance  p r o j e c t i o n s  and  f o r  
e v a l u a t i n g  t h e  e f f e c t  of s y s t e m  n o n l i n e a r i t i e s  on t h e s o f t -  
ware per formance .  U n f o r t u n a t e l y ,  detailed s e n s i t i v i t y  ana- 
l y s e s  or  accurate o v e r a l l  per formance  p r o j e c t i o n s  can  be 
p r o h i b i t i v e l y  e x p e n s i v e  w i t h  monte c a r l o  s i m u l a t i o n s .  

The c o v a r i a n c e  a n a l y s i s  s i m u l a t i o n  is based on a 
l i n e a r i z e d  IMcT error model. S u b j e c t  t o  t h e  v a l i d i t y  of  t h i s  
l i n e a r i z a t i o n ,  t h e  c o v a r i a n c e  a n a l y s i s  s i m u l a t i o n  w i l l  y i e l d  

a more a c c u r a t e  estimate of o v e r a l l  per formance  t h a n  is 
a t t a i n a b l e  w i t h  t h e  mon te  carlo s i m u l a t i o n  and w i l l  a lso pro-  
v i d e  a detailed breakdown of t h e  c o n t r i b u t i o n  of F n d i v i d u a l  
error s o u r c e s  t o  t h e  calibration and a l ignmen t  per formance .  
The degree t o  which t h e  n o n l i n e a r i t i e s  a l te r  t h e  c o v a r i a n c e  
a n a l y s i s  r e s u l t s  can be i n f e r r e d  by comparison w i t h  t h e  

monte carlo r e s u l t s .  T o g e t h e r ,  t h e  two approaches  w i l l  pe r -  
m i t  an  a c c u r a t e  assessment of c a l i b r a t i o n  and a l ignmen t  per- 
formance and w i l l  p r o v i d e  a sound basis f o r  recommending and 
e v a l u a t i n g  software modifications which  would improve o v e r a l l  
per formance .  

The r e s u l t s  of t h e  KT-73 comparison and t h e  monte 
c a r l o  a n a l y s i s  were presented i n  R e f .  1. Development of t h e  

c o v a r i a n c e  a n a l y s i s  program was completed as p a r t  of t h e  
c u r r e n t  e f f o r t .  However, because  of recent changes i n  t h e  

IMU software a l g o r i t h m  ( R e f .  18), a comple te  e r r o r  budget h a s  
no t  been g e n e r a t e d .  The e r r o r  budget  w i l l  be i n c l u d e d  i n  
a subsequen t  r e p o r t .  

1.1.2 GPS-Aided Nav iga t ion  

GPS is a s a t e l l i t e  n a v i g a t i o n  s y s t e m  d e s i g n c d  t o  
p r o v i d e  a c c u r a t e  p o s i t i o n  and v e l o c i t y  f i x e s  o n  a g l o b a l  
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scale. The GPS network w i l l  become a v a i l a b l e  on a l imi t ed  

b a s i s  by t h e  end of 1977 ( P h a s e  I ) .  The comple te  network 
w i l l  be o p e r a t i o n a l  i n  1984 ( P h a s e  111). Because of  i ts 
accuracy  and its a b i l i t y  t o  p r o v i d e  n a v i g a t i o n  c o v e r a g e  
d u r i n g  v i r t u a l l y  a l l  p h a s e s  of a Space S h u t t l e  m i s s i o n ,  
RASA is c u r r e n t l y  e v a l u a t i n g  t h e  p o s s i b i l i t y  of i n c l u d i n g  
GPS as a n a v i g a t i o n  a i d .  The o b j e c t i v e  of t h e  GPS-aided 
n a v i g a t i o n  s t u d y  w a s  t o  p r o v i d e  NASA w i t h  a n  assessment of 
p o t e n t i a l  n a v i g a t i o n  accu racy  i n  t h e  operational GPS ( p o s t -  
1984) t i m e  frame. The s t u d y  was restricted t o  those m i s s i o n  
phases  ( a s c e n t ,  o r b i t ,  deorb i t )  where  no n a v i g a t i o n  a ids  are 
i n c l u d e d  i n  t h e  c u r r e n t  baseline,  a l t h o u g h  GPS c o u l d  a l s o  re- 
p l a c e  t h e  c u r r e n t  e n t r y  and p r e l a n d  n a v i g a t i o n  a ids .  

* 

GPS is des igned  t o  s a t i s f y  t h e  n a v i g a t i o n  r e q u i r e -  
m e n t s  fo r  both m i l i t a r y  and a p p r o p r i a t e l y  equipped c i v i l i a n  
u s e r s .  Seven classes of u s e r  r e q u i r e m e n t s  have  been d e f i n e d  
by t h e  GPS J o i n t  Program O f f i c e .  Each class h a s  its own 
unique  r e q u i r e m e n t s  i n  terms of t h e  t y p e  of  u s e r  equipment 
needed and t h e  n a v i g a t i o n  data requi red .  The seven  u s e r  
classes are: 

0 Class A - High accu racy  u s e r s  such  a s  
s t r a t e g i c  and reconnaisance 
a i rc raf t  

0 Class B - Highly  dynamic u s e r s  s u c h  as 
f i g h t e r  a i rc raf t  which r e q u i r e  
h i g h  accuracy  u p d a t e s  

0 Class C - Low-cost, low-accuracy u s e r s  
such  as t r a n s p o r t  a i rc raf t  

0 Class D 0 Land and sea-based  s u r f a c e  
v e h i c l e s  

*No cove rage  w i l l  be a v a i l a b l e  d u r i n g  r a d i o - b l a c k o u t .  A l so ,  
t h e  n a v i g a t i o n  accu racy  may be marginal f o r  l a n d i n g .  
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0 Class E - Manpacks 

0 Class F - Submarines  

0 Class M - Missiles 

Two r e c e i v e r  t y p e s ,  t h e  X and Y sets, are d e s i g n e d  for u s e r s  
w i t h  h i g h  a c c u r a c y  r e q u i r e m e n t . .  A t h i r d  r e c e i v e r  t y p e ,  t h e  
2 set, is i n t e n d e d  f o r  u s e r s  w i t h  lower accuracy  r e q u i r e m e n t s .  

The i n t e n t  of t h e  s t u d y  was t o  e v a l u a t e  GPS-aided 
n a v i g a t i o n  per formance  w i t h  t h e  best  a v a i l a b l e  hardware .  A s  
a consequence ,  t h e  Space  S h u t t l e  w a s  assumed t o  be equipped  
as a Class B u s e r .  T h i s  i n c l u d e d  a m u l t i c h a n n e l  X-rece iver  
and p r o c e s s i n g  of t h e  h i g h  accu racy  (P-code)  sa te l l i te  t r a n s -  
m i s s i o n s .  However, it d id  n o t  i n c l u d e  a cesium t i m e  standard 
onboard t h e  Space S h u t t l e .  If t h e  S h u t t l e  !!aster Timing 
U n i t  ( M T U )  were replaced by a cesium t i m e  s t a n d a r d ,  n a v i g a t i o n  
accu racy  would be somewhat better t h a n  predicted i n  t h i s  

s t u d y .  

The  GPS s t u d y  had three basic o b j e c t i v e s :  

0 Develop a n a v i g a t i o n  f i l t e r  f o r  GPS- 
aided n a v i g a t i o n  

0 Formula te  candidate GPS/Shu t t l e  mea- 
surernent scenarios 

0 Assess GPS-aided n a v i g a t i o n  

The emphasis i n  t h e  n a v i g a t i o n  f i l t e r  development was t o  re- 
t a i n  t h e  b a s i c  s t r u c t u r e  of t h e  e n t r y  n a v i g a t i o n  f i l t e r  
( R e f .  4 5 ) ,  w i t h  s t a t e  d e f i n i t i o n s  and parameter v a l u e s  s u i t -  
a b l y  mod i f i ed .  T h e  f i l t e r  des ign  as w e l l  as t h e  performance 
a n a l y s i s  re l ied h e a v i l y  upon GPS error models and  GPS s imu-  
l a t i o n  programs developed  by TASC i n  p r e v i o u s  e f f o r t s  ( R e f s .  
1 and 5 ) .  

1-’7 
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1.1.3 Entry, Preland and Landing Navigation 

The Space Shuttle will employ a number of different 
navigation aids during the entry, preland and landing mission 
phases. I n .  addition to the radio navigation aids indicated 
in Fig. 1.1-2, alticude measurements from a drag pseudo- 
measurement, a bar0 altimeter and a radar altimeter will be 
utilized at various points during the mission. 

9-14200 
GXBITER 

MLS DME AND 
AZIMUTH 

Figure 1.1-2 Baseline Orbiter Radio Navigation Aids 

An accurate navigation performance analysis requires 
error models for the IMU and the navigation aids which ade- 
quately reflect instrument performance. Thus a major part 
of the entry, preland and landing study was the improve- 
ment of previously developed error models. Particular atten- 
tion w a s  given t o  the drag pseudo-measurement and radar 
altimeter error models, although recent performance data 
from the BILS manufacturer was also incorporated into the nILS 

error models. 
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1.2 ORGANIZATION OF THE REPORT 

Chapter  2 summarizes t h e  r e s u l t s  of t h e  GPS-aided 
n a v i g a t i o n  s t u d y .  A c a n d i d a t e  GPS measurement s c h e d u l e  is 
r r e s e n t e d  a l o n g  w i t h  a d e s c r i p t i o n  of a n a v i g a t i o n  f i l t e r  

s u i t a b l e  for p r o c e s s i n g  GPS measurements d u r i n g  ascent, or- 
L . i t a l  o p e r a t i o n s  and t h e  d e o r b i t  maneuver.  N a v i g a t i o n  per- 
formance p r o j e c t i o n s  are p r e s e n t e d  f o r  each  of t h e  m i s s i o n  
p h a s e s  for which t h e  f i l t e r  w a s  d e s i g n e d .  Per formance  sen- 
s i t i v i t y  t o  t h e  dominant error s o u r c e s  is also e v a l u a t e d .  

A d e s c r i p t i o n  of t h e  c o v a r i a n c e  analysis program 
t o  be used  t o  a n a l y z e  IFIU cal ibrat ion and alignment perfor- 
mance is prov ided  i n  Chapter  3. Although a comple te  error 
budget  is n o t  g i v e n ,  c a l i b r a t i o n  u n c e r t a i n t i e s  h e  t o  cer ta in  
key error s o u r c e s  are estimated. These  estimates are com- 
p a r e d  w i t h  p r e v i o u s  s e n s i t i v i t y  a n a l y s e s  based upon TASC's 
monte carlo s i m u l a t i o n .  

The r e s u l t s  of t h e  e n t r y ,  p r e l a n d  and l a n d i n g  s t u d y  
f o r  t h e  OFT-1 m i s s i o n  are c o n t a i n e d  i n  Chapter 4 .  D e t a i l e d  
e r r o r  budge t s  are p rov ided  f o r  t h e  end of  r a d i o  b l a c k o u t ,  FILS 
a c q u i s i t i o n  and touchdown. The p r o j e c t e d  n a v i g a t i o n  p e r f o r -  
mance is compared w i t h  r e s u l t s  from p r e v i o u s  s t u d i e s  and 

recommendations f o r  improving per formance  a r e  made. 

A b r i e f  summary of r e s u l t s  and c o n c l u s i o n s  is pro-  
v i d e d  i n  Chapter  5. 
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2 .  GPS- AI DED NAVI GAT I ON 

The navigation error analysis for the Space Shuttle 
ascent phase provides an evaluation of navigation accuracy 
at orbit insertion if the baseline navigation system were 
modified to include the NAVSTAR Global Positioning System 
(GPS). The assumption in this study is that P-code (high 
accuracy) measurements from a GPS X-receiver are to be 
used periodically during ascent to update the navigation 
filter state estimates. The results are then extended to 
permit a preliminary evaluation of GPS-aided navigation per- 
formance during both the orbital and deorbit maneuver mis- 
sion phases. 

The methodology used for evalu'ation of the GPS-aided 
Space Shuttle navigation performance is summarized in Fig. 
2-1. The first step in the process is the GPS segment 
simulation. This step is required to: 

0 Develop a time history of satellite 
orbital positions and velocities 

0 Generate the satellite position, 
velocity and clock error covariances 

The GPS segment is performed using the TASC Navigation Error 
Sensitivity Analysis (NESA) program. 

The second step is represented by the FLTCOV module 
in Fig. 2-1. The satellite ephemeris data, along with 
the Shuttle trajectory and measurement schedule, are used 
to generate a recursive solution of the navigation filter 
covariance propagation and update equations. This step is 

2-1 
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execu ted  only o n c e ,  w i t h  t h e  f i l t e r  g a i n s  b e i n g  r e c o r d e d  on 
magnetic t a p e .  

The t h i r d  ste1 ( t h e  SYSTEM module) is based on t h e  
sys tem t r u t h  model and consists o f  t h e  r e c u r s i v e  s o l u t i o n  of 
t h e  l inear sys tem c o v a r i a n c e  e q u a t i o n s .  These e q u a t i o n s  are 
solved r e p e a t e d l y  t o  produce  a n  e r r o r  b u d g e t ,  t h e  same g a i n  
f i l e  being used  e a c h  t i m e .  The s a t e l l i t e  e r r o r  c o v a r i a n c e  
g e n e r a t e d  i n  t h e  NESA s t e p  is used  t o  g e n e r a t e  one  l i n e  of 
t h e  error budget  and models  for  other  e r r o r  s o u r c e s  (IMU 
e r r o r s ,  !@TU errors, e t c . )  are used t o  g e n e r a t e  subsequen t  
l i n e s .  An o v e r a l l  system per formance  p r o j e c t i o n  is t h e n  cal- 
culated based on t h e  detailed e r ro r - source -by-e r ro r - source  
breakdown. 

The r e s u l t s  of t h e  ascent phase  c o v a r i a n c e  a n a l y s i s  
are summarized i n  t h i s  c h a p t e r .  S e c t i o n  2.1 describes t h e  GPS 

c o n f i g u r a t i o n  used  i n  t h e  NESA s t e p  and S e c t i o n  2 . 2  d i s c u s s e s  
t h e  r e l a t i o n s h i p  o f  t h e  Orbiter t r a j e c t o r y  and measurement 
s c h e d u l e  t o  t h e  GPS s a t e l l i t e  p o s i t i o n s .  The S h u t t l e  nav i -  
g a t i o n  f i l t e r  c o v a r i a n c e  g e n e r a t e d  i n  t h e  filter g a i n  s t e p  
is  d i s c u s s e d  i n  S e c t i o n  2.3. S e c t i o n  2 .4  summarizes t h e  t r u t h  
model used  i n  t h e  SYSTEM module.  The per formance  assessment 
g e n e r a t e d  by t h a t  module is  p r e s e n t e d  i n  S e c t i o n  2 . 5  and a 
s e n s i t i v i t y  a n a l y s i s  is p r e s e n t e d  i n  S e c t i o n  2.6. A f i r s t - c u t  
estimate of GPS-aided n a v i g a t i o n  per formance  d u r i n g  t h e  o r b i t a l  
and deorbi t  maneuver p h a s e s  i s  p r e s e n t e d  i n  S e c t i o n  2 . 7 .  

2.1 GPS CONFIGURATION 

GPS is a n a v i g a t i o n  s a t e l l i t e  s y s t e m  under  deve lop-  
m e n t  by a m u l t i - s e r v i c e  , J o i n t  Program O f f i c e  w i t h i n  t h e  U.S. 
A i r  Fo rce  Space and Missile Sys tems O r g a n i z a t i o n .  The GPS 
s a t e l l i t e s  w i l l  each  b r o a d c a s t  s i g n a l s  c o n t a i n i n g  coded 
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i n f o r m a t i o n  g i v i n g  t h e  time t h e  s i g n a l  was t r a n s m i t t e d  and t h e  
sa te l l i t e  p o s i t i o n  and v e l o c i t y  a t  t h a t  time. A u s e r  w i t h  an 
L-band a n t e n n a ,  a GPS r e c e i v e r ,  and a clock synchron ized  w i t h  
t h e  sa te l l i t e  c l o c k s  w i l l  be able t o  compute t h e  r a n g e  t o  a 
s a t e l l i t e  by measur ing  t h e  time d e l a y  between s i g n a l  t r a n s -  
m i s s i o n  and  r e c e p t i o n ,  and h e  w i l l  be able t o  compute t h e  
r a n g e - r a t e  t o  a s a t e l l i t e  by measur ing  t h e  s i g n a l ' s  d o p p l e r  
s h i f t  (see F i g .  2.1-1). S i n c e  clock s y n c h r o n i z a t i o n  errors 
w i l l  e n t e r  i n t o  these measurements ,  t h e y  are termed pseudo- 
r a n g e  and pseudo-range- ra te  measurements .  Pseudo-range mea- 
surements  t o  four d i f f e r e n t  satell i tes w i l l  allow t h e  u s e r  t o  
s o l v e  f o r  h i s  three p o s i t i o n  c o o r d i n a t e s  and h i s  clock p h a s e  
s y n c h r o n i z a t i o n  error. S i m i l a r l y ,  pseudo-range- ra te  mea- 
surements  t o  four d i f f e r e n t  sa te l l i tes  w i l l  allow t h e  u s e r  t o  
s o l v e  f o r  h i s  three v e l o c i t y  c o o r d i n a t e s  and h i s  c l o c k  freq- 
uency synchron izax ion  error. Neasurements t o  more t h a n  f o u r  
sa te l l i tes  can  r e d u c e  t h e  u n c e r t a i n t y  of t h e  r e s u l t s .  

* 

a - t o w  

SATELLITE CLOCKS 

VIA GROUND TRACKING 
CALIBRATEDlSYNCnRONlZED 

c 

F i g u r e  2.1-1 E l e m e n t s  of t h e  NAVSTAR Global  
P o s i t i o n i n g  Svstem (GPS) 

*Provided t h e  f o u r  s a t e l l i t e s  do no t  a l l  lie on a cone with apex 
a t  t h e  u s e r  l o c a t i o n .  See Appendix E of R e f .  4 f o r  d e t a i l s .  
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Deployment of GPS is t o  be conducted  i n  t h r e e  p h a s e s  
( T a b l e  2.1-1). The f i n a l  c o n f i g u r a t i o n ,  Phase  111, w i l l  con- 
sist of 24 satel l i tes  w i t h  cesium s t a n d a r d  c l o c k s  and w i l l  
p r o v i d e  f u l l  g l o b a l  n a v i g a t i o n  cove rage  f o r  b o t h  ground- 
based and o r b i t a l  u s e r s .  Each s a t e l l i t e  w i l l  have a n  o r b i t a l  
p e r i o d  of one-half  a sidereal day (11 hours  and 58 m i n u t e s ) .  
Thus ,  t h e  sa te l l i t es  w i l l  nominal ly  r e p e a t  t h e  same ground 
track eve ry  two o r b i t s ,  o r  once  a day. Table 2.1-2 presen t . t  
t h e  o r b i t a l  p a r a m e t e r s  of t h e  Phase  I11 sa t e l l i t e s .  A sub- 
set of t h e s e  sa te l l i tes  t h a t  g i v e  good cove rage  o v e r  t h e  
Western T e s t  Range (WTR) at t h e  t i m e  of t h e  Space S h u t t l e  
l a u n c h  was used  i n  t h e  ascent p h a s e  n a v i g a t i o n  a n a l y s i s .  
The e i g h t  sa te l l i t es  i n c l u d e d  i n  t h e  s u b s e t  have been 
denoted by asterisks i n  t h e  tables .  

TABLE 2.1-1 
GPS DEVELOPMENT SCHEDULE 

The satel l i tes  w i l l  be t racked by f o u r  ground t r a c k -  
i n g  s t a t i o n s  l o c a t e d  i n  Un i t ed  S t a t e s  t e r r i t o r y .  Pseudo- 
range measurements t a k e n  a t  each t r a c k i n g  s t a t i o n  w i l l  be 

forwarded t o  t h e  m a s t e r  t r a c k i n g  s t a t i o n  a t  Vandenberg AFB 
f o r  r e a l - t i m e  s a t e l l i t e  e p h e m e r i s  e s t i m a t i o n  and c l o c k  
c a l i b r a t i o n .  T h e  l o c a t i o n s  of t h e  t r a c k i n g  s t a t i o n s  a r e  given 
i n  T a b l e  2.1-3. 
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1 
2 
3 
4 

Satellite 
No. 

1 
2 
3 
4' 
5. 
6 
7 
8 
9 
10 
11. 
12. 
13. 
14 
15 
16 
17. 
18' 
19 
20 
21 
22 
23 
24 

Vandenberg A F B  3 4 . 7  -120.5 
Elmendorf APB 6 1 . 3  -149.5 
Hawaii 20 .0  -158.0 
Guam 13.0 145 .0  

TABU 2.1-2 
PHASE I11 SATELLITE INITIAL CONDITIONS 

Semimi jor 
Axis 

3 

(earth m O 1 1 )  
4.16449 
4.16449 
4.16449 
4 e 16.149 
4.16449 
4.16549 
4. i6.140 
4.16449 
4.16449 
4.16449 
4.164.1s~ 
4.16559 
4.16.149 
4.1644 9 
4.16449 
4.16449 
4.16549 
4.16449 
4. iG3.19 
4.16443 
4.16449 
4.16449 
4.16449 
4.16449 

Eccentricity 

e 

0 
0 
0 
0 
0 
0 

0 
0 

0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 

Inclination 

1 

( d W )  
63 
63 
63 
63 
63 
63 

63 
63 
63 
63 
63 
63 
63 
63 
63 
63 
63 
63 
63 
63 
63 
63 
63 
63 

Right 
Ascension 
of the 

Ascendt ng 
Sode 

r: 
( de6 1 

0 
0 
0 
0 
0 
0 
0 
0 

120 
120 
120 
120 
120 
120 
120 
120 
240 

250 
240 
240 
240 
240 
240 
230 

TABLE 2.1-3 
GROUiYD TRACKING STATIOS LOCATIONS 

Argument 
of 

Perigee 

I* 

( deg ) 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 

0 
0 
0 

0 
0 

0 
0 

0 
0 

Mean 
Anomaly 

U 
(de6 ) 
15 
60 
105 
150 
195 
240 
285 
330 
34 5 
30 
75 
120 
165 
210 
255 
300 
0 

45 

99 
135 

1r0 
225 
270 
3:5 
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GPS requires periodic uploading of the satellite ephe- 
meris and clock calibration parameters in order to maintain 
navigation accuracy. Uploading of a satellite with its 
currently estimated ephemeris will occur once a day when 
that satellite makes its closest approach t o  Vandenberg AFB. 
The time of the uploading to each satellite is given in 
Table 2.1-4. These times are relative to the initial time 
assumed in Table 2.1-2. 

TABLE 2.1-4 , 
SATELLITE UPLOADING TIMES 

Time of 
Uploading No. 

1 
2 
3 
4* 

5* 
6 
7 
8 
e 
10 
11* 
12* 

870 
750 
615 
495 
405 
1230 
1140 
1005 
315 
210 
105 
1395 

Time of 
Uploadilrg No. . 

13; 1260 
14 1140 
15 1020 
16 915 
17* 90 
18* i410 
19 825 
20 720 
21 61 5 
22 480 
23 360 
24 * 225 

The net satellite contribution to pseudo-range and 
range-rate measurement error is not simply related to the 
satellite-transmitted ephemeris errors, because satellite 
clock errors are also involved, and the clock errors and 
ephemeris errors are highly correlated. In the case of 
pseudo-range measurements, the net error to the user is 
typically much smaller than the satellite position error 
itself. This ?appens because the combination of clock 
errors and position errors important to the user is nearly 

35 
2-7 
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10 - 
EPHEMERIS UPLOAD 

t h e  same combina t ion  measured by t h e  ground t r a c k i n g  s t a t i o n s .  
Whi le  t h e  ground network l a c k s  good i n f o r m a t i o n  t o  c o r r e c t l y  
a l l o c a t e  s a t e l l i t e  p o s i t i o n  e r r o r s  and c l o c k  e r r o r s  indepen- 
d e n t l y ,  i t  has good i n f o r m a t i o n  on t h e  combina t ion  of  these 
e r r o r s  impor t an t  t o  t h e  u s e r .  

An example of t h e  s a t e l l i t e  c o n t r i b u t i o n  t o  u s e r  
measurement e r r o r s  and t h e  impor tance  of t h e  ephemeris 
upload  i n  m a i n t a i n i n g  measurement accu racy  is p rov ided  i n  
F ig .  2.1-2. Pr ior  t o  t h e  u p l o a d ,  t h e  u s e r  measurement 
e r r o r s  due t o  s a t e l l i t e  e r r o r s  a l o n e  are on t h e  o r d e r  of 
5 f t  and 0.003 f p s .  Immediately f o l l o w i n g  t h e  upload  t h e  
e r r o r s  are reduced  t o  less than  2 f t  and 0.001 f p s .  These 
e r r o r s  d e f i n e  t h e  fundamenta l  l i m i t  of GPS measurement 
accu racy  i f  a l l  u s e r - r e l a t e d  e r r o r s  (receiver e r r o r s ,  propa-  
g a t i o n  e r r o r s ,  c l o c k  e r r o r s )  cou ld  be e l i m i n a t e d .  

q EPHEMERIS UPLOAD 

J 

cn I I J 
e OC! 0.5 1.0 1.5 

TIME (hr)  

Figure 2.1-2 Typ ica l  User Measurement E r r o r  S t a t i s t i c s  
Due t o  S a t e l l i t e  Ephemer i s  and Clock Errors 
( P h a s e  I 1 1  GPS) 

2-8 
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l a  RANGE ERR02 
I ( f t )  

COD3 TYPE I 
M i l i t a r y  (P) Code 5 

C l e a r / A c q u i s i t i o n  50 
(C/A) Code 

-- 

The u s e r - f u r n i s h e d  equipment for  GPS measurement 
p r o c e s s i n g  cons is t s  of a n  L-barid a n t e n n a ,  a GPS r e c e i v e r  and 
a clock. In a d d i t i o n  t o  GPS sa te l l i t e  ephemer is  e r r o r s ,  GPS 
measurement a c c u r a c y  is a f u n c t i o n  of t h e  p a r t i c u l a r  r e c e i v e r  
(and clock) selected by t h e  u s e r .  S e v e r a l  classes of GPS re- 
c e i v e r  have been d e f i n e d .  The p r i n c i p a l  d i f f e r e n c e  from a 
performance v a n t a g e  p o i n t  is whether  t h e  r e c e i v e r  c a n  process 
t h e  P-code ( h i g h  a c c u r a c y )  or C/A-code (medium a c c u r a c y )  GPS 
s i g n a l s  - t h e  m u l t i c h a n n e l  X-rece iver  c a n  p r o c e s s  both s igna l  
t y p e s  w h i l e  t h e  s i n g l e  c h a n n e l  2 - r e c e i v e r  c a n  p r o c e s s  o n l y  
t h e  C/A-code. The r e c e i v e r  s ingle-measurement  performance 
s p e c i f i c a t i o n s  for a 0.1 sec i n t e g r a t i o n  time are summarized 
i n  T a b l e  2.1-5. Greater accuracy  can be a c h i e v e d  by a v e r a g i n g  
s u c c e s s i v e  measurements.  

10 RANGE-RATE ERROR 
( fPS 1 
0.2 

0 . 2  

The d e s i g n  snecifications for t h e  GPS X set r e q u i r e  
a u s e r  clock of comparable  a c c u r a c y  t o  t h e  S h u t t l e  Naster 
Timing U n i t  (mu) - short-term accuracy  of 1 p a r t  i n  10 
and a n  aging ra te  of 1 p a r t  i n  lo9 per day .  The u s e r  c l o c k  
error model p r e s e n t e d  in S e c t i o n  2.4  is based upon MTU test 
data.  

10 

TABLE 2.1-5 
GPS RECEIIXR HEASUREMEhT ACCZTRACS SPECIFICATION (REF. 8 )  
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2.2 TRAJECTORY AND MEASUREMENT SCHEDULE 

The GPS Naviga t ion  E r r o r  S e n s i t i v i t y  A n a l y s i s  (NESA) 
computer program performs P s ta t i s t ica l  c o v a r i a n c e  a n a l y s i s  
of t h e  sa te l l i te  s y s t e m  i n t e r a c t i n g  w i t h  t h e  ground t r a c k i n g  
s t a t i o n s .  Beginning  w i t h  some i n i t i a l  c o n d i t i o n  s t a t i s t i c s ,  
t o  which t h i s  process is q u i t e  i n s e n s i t i v e ,  t h e  NESA program 
was used  t o  s i m u l a t e  t w o  days of GPS o p e r a t i o n ,  a c h i e v i n g  a 
close approximat ion  t o  s t e a d y  s ta te  c o n d i t i o n s .  The s imula-  
t i o n  correctly a c c o u n t s  for  t h e  fact t h a t  each satell i te h a s  
its own "idea" of its ephemer i s ,  clock s y n c h r o n i z a t i o n ,  e t c . ,  
based on t h e  d a i l y  u p l o a d i n g  from t h e  master t r a c k i n g  s t a t i o n  
a t  Vandenberg AFB. Because each sa te l l i t e ' s  ground t r a c k  and 
t h e  t i m e  of its data up load ing  repeat e v e r y  sidereal day ,  so 
do t h e  s ta t i s t ics  of t h e  associated error p r o c e s s e s ,  once t h e  

t r a n s i e n t  effects of t h e  i n i t i a l  s t a t i s t i c a l  c o n d i t i o n s  have 
faded. The s t e a d y  s ta te  s i t u a t i o n  referred t o  above t h u s  
exh ib i t s  t i m e  v a r i a t i o n s  w i t h i n  t h e  day. 

Af t e r  t h e  t w o  day s e t t l i n g  p e r i o d ,  a 90 rain seg- 
ment of t h e  s t a t i s t i c a l  s i m u l a t i o n  w a s  run  w i t h  o u t p u t  a t  
one  minute  i n t e r v a l s .  T h i s  90 min segment of GPS s i m u l a t i o n  
w a s  t h e  i n p u t  t o  t h e  f i l t e r  c o v a r i a n c e  program and t o  t h e  
t r u t h  model program f o r  t h e  GPS-aided Space S h u t t l e  ascent 
n a v i g a t i o n  s t u d y .  I n  order t o  do t h i s ,  it was necessary 
t o  make a t i m e  c o n n e c t i o n  between t h e  S h u t t l e  a s c e n t  trajec- 
t o r y  and t h e  NESA o u t p u t .  

The S h u t t l e  t ra jec tory  used  fo r  t h i s  s t u d y  w a s  
reference m i s s i o n  3B w i t h  a l aunch  from Vandenberg AFB. The 
ground t rack for  t h e  a s c e n t  t r a j e c t o r y ,  along w i t h  t h e  

locat ion of t h e  e i g h t  GPS s a t e l l i t e s  used  i n  t h e  s i m u l a t i o n  
(assuming a l aunch  a t  t = O )  is shown i n  F i g .  2.2-1. I t s  
key  e v e n t s  are  summarized i n  Table 2.2-1 From l i f t o f f  t o  

2-10 
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R--10.70 

-601 I I I I 
-200 - 160 -120 - 83 -40 

LONGITUDE (deg) 

Figure  2 .2-1 B a s e l i n e  GPS S a t e l l i t e  Coverage 
(Space S h u t t l e  Ascent Phase )  

TABLE 2.2-1 
TRAJECTORY PARAhlETERS AT KEY EVENTS DURING ASCENT 

r- Event 

Li f t -of f 

Initiate 
Pitchover 

Begin Gravity 
Turn Phase 

Staging 

Begin Con- 
stant 3g 
dcce lera- 
tion Phase 

Begin Coast 
Phase 

Begin ONS*to 
Orhit Phase 

Orbit 
Insert ion 

1 

Inert f a1 Relative GET Velocit) Flight-Path 
(sec) 1 (fps) 1 Angle (deg) 

0.0 1,251.3 0.00 

5 .0  1,257.1 90.00 

20 .0  1,350.5 86.18 

116.4 4.183.2 65.61 

-1.40 
i 

383.4 15 ,454 .4  

486.5 25.250.2 0.06 

516.5 25,250.5 0.01 

771.0 25 ,597 .1  0.12 

*Orbit Maneuvering System 

2-11 

Altitude 
(It) 

Geodetic 
Latitude 
(de6 1 

- - .25  35.000 

297.0 35 .000  

5,159.0 34 ,999 

189,910.0 34.850 

584,412.0 29.873 

562,667.0 24 .440 

561,474.0 22.482 

551 .798 .0  5.673 

T-OOEt 

Longitude 
(de6) 

239.500 

239.500 

239.500 

239.432 

237.488 

235 46; 

234.762 

229.225 
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o:?bit i n s e r t i o n ,  t h e  a s c e n t  takes o n l y  771.0 s e c ,  or less 
t h a n  13 min;  and t h e  measurement t a k i n g  p o r t i o n  of t h e  
t r a j e c t o r y ,  s chedu led  between 630.0 and 768 .0  sec a f te r  
l i f t o f f ,  takes less t h a n  138 sec,  o r  2.3 min. T h i s  period 
c o v e r s  t h e  second h a l f  of t h e  f i n a l  OMS i n s e r t i o n  maneuver 
and s h o u l d  permit s u f f i c i e n t  time for  t h e  aided n a v i g a t i o n  
f i l t e r  t o  improve t h e  s ta te  estimates and  fo r  t h e  g u i d a n c e  
s y s t e m  t o  r e f i n e  t h e  i n s e r t i o n  parameters. Thus ,  no a p p a r e n t  
a d v a n t a g e  would be o b t a i n e d  by s t a r t i n g  t h e  measurement 
p r o c e s s i n g  earlier. 

The measurement s c h e d u l e  cal ls  fo r  s e q u e n t i a l  process- 
i n g  of GPS measurements  a t  t h e  rate of one  each 6 sec* s t a r t i n g  
w i t h  Sa te l l i t e  No. 4 .  Thus ,  o v e r  t h e  138 sec measurement i n t e r -  
v a l ,  three measurements from each of t h e  e i g h t  v i s i b l e  satell i tes 
are used  t o  u p d a t e  t h e  n a v i g a t i o n  f i l t e r  s ta te  estimates. The 

measurement i n t e r v a l  is shown r e l a t i v e  t o  t h e  a s c e n t  accelera- 
t i o n  p r o f i l e  i n  F i g .  2.2-2. I t  is w o r t h  n o t i n g  t h a t  t h e  mea- 
su remen t s  were schedu led  d u r i n g  a l o w  a c c e l e r a t i o n  p o r t i o n  of 
t h e  m i s s i o n .  T h i s  w a s  done t o  e n s u r e  t h a t  a c c e l e r a t i o n - s e n s i -  
t i v e  errors i n  t h e  Space  S h u t t l e  Master Timing U n i t  (MTU) would 
n o t  s i g n i f i c a n t l y  degrade t h e  GPS measurement a c c u r a c y ;  how- 
e v e r ,  t h e  r e s u l t s  i n  S e c t i o n  2.5 s u g g e s t  t h a t  t h e  n a v i g a t i o n  
a c c u r a c y  is r e a s o n a b l y  independent  of t h e  a c c e l e r a t i o n  p r o f i l e  
d u r i n g  t h e  measurement s equence .  

I n  order t o  connec t  t h e  Orbi ter  t r a j e c t o r y  t o  t h e  NESA 
o u t p u t ,  i t  is  o n l y  n e c e s s a r y  t h a t  t h e  measurement i n t e r v a l  of 

*GPS r e c e i v e r s  are capable of g e n e r a t i n g  measurements a t  
a much h i g h e r  data  ra te .  The  slower measurement r a t e  w a s  
selected t o  r educe  computer r e q u i r e m e n t s .  

2-12 
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- t  t 
LAUNCU STAGING 

So0 720 
4 4  4 

TIME lsecl 

F i g u r e  2.2-2 Ascent T ra . i ec to ry  Acceleratiov Profile 

2.3 min f a l l  somewhere w i t h i n  t h e  90 min of NESA o u t p u t .  The 
Phase 111 GPS c o n s t e l l a t i o n  p r o v i d e s  good s a t e l l i t e  cove r -  
age on a c o n t i n u o u s  basis.  Because t h e  NESA r u n  w a s  made w i t h  

a subset of e i g h t  sa te l l i t es ,  however,  t h e  r e s u l t s  are r e p r e -  
s e n t a t i v e  of Phase I11 GPS cove rage  i n  t h e  WTR f o r  o n l y  a s h o r t  
p e r i o d  each dag. In order t o  de te rmine  where t h e  measurement 
i n t e r v a l  shou ld  f a l l  w i t h i n  t h e  NESA o u t p u t  f o r  s i m u l a t i o n  pur -  
p o s e s ,  it was necessary t o  i n v e s t i g a t e  s a t e l l i t e  v i s i b i l i t y  from 
t h e  Orbi ter .  F i g u r e  2.2-3 ind ica tes  s a t e l l i t e  v i s i b i l i t y  o v e r  
t h e  o u t p u t  p e r i o d  from f o u r  p o i n t s .  The f o u r  p o i n t s  are 

VI on t h e  ground a t  Vandenberg AFB: 
B) on t h e  Orbiter a t  630.0 sec af ter  

l i f t o f f ,  t h e  b e g i n n i n g  of t h e  measure- 
ment  i n t e r v a l ;  

l i f t o f f ,  about  midway i n t o  t h e  measure- 
ment  i n t e r v a l  ; 

l i f t o f f ,  t h e  end of t h e  measurement interval 

M) on  t h e  Orbi te r  a t  702.0 sec a f te r  

E) on t h e  O r b i t e r - a t  768.0 sec af ter  

2-13 



THE ANALYTIC SCENCES CORPORATION 

B -ORBITER POSITION, BEGIN MEASUREMENT 
M- ORBITER POSITION, MID MEASUREMENT 

E - ORBITER POSITION, END MEASUREMENT 

R - 20536 

V 
ti 
M 
E 

0 0.5 13 1 s  
TIME (hr) 

F i g u r e  2.2-3 S a t e l l i t e  V i s i b i l i t y  Versus  Time 
from Four  User Posi t ions 
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OR3:T E R 
POSITION 

11-22757 

Figure 2.2-4 GPS Satellite Visibility Criterion 

The criterion usedfor satellite visibility was the 
same in each case. To be visible, it was assumed that the 
satellite must be 10 deg or more above the horizon as viewed 
from the user location (Fig. 2.2-4). On the ground, the 
horizon is 90 deg below the zenith, so the half cone angle for 
satellite visibility is 80 deg. Above the earth on the Orbiter, 
however, the horizon is over 100 deg below the zenith, so the 
half cone angle for satellite visibility is increased to more 
than 90 deg. 

As Fig. 2.2-d shows, it makes little difference, in 
terms of visibility, where the Orbiter measurement interval 
interfaces with the NESA output. Satellites No. 13 and 18 
disappear from view of the Orbiter near the end of the 90 
min wirldow, but the remaining six satellites should be capable 
of providing good coverage. Based on F i g .  2.2-3, the Shuttle 
launch time was synchronized with 0 hrs in the GPS time frame. 
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2.3 FILTER-IhUPICATED PERFORMANCE 

The 11-state Kalman filter used during the GPS-aided 

) based on the before-measurement estimates of Orbiter 
ascent phase predicts pseudo-range and range-rate measurements 

(Piu' iu 
position, velocity and clock states, combined with the satellite 
delivered estimates of the corresponding satellite states. Dif- 
ferences between the actual measurements (piu, biu) and the 
predicted measurements drive the filter and cause post-measure- 
ment updates in the Orbiter state estimatee \see Fig. 2.3-1). 
The filter gains used for the updates are based upon a filter- 
generated covariance matrix which reflects the filter's confi- 
dence in its before-measurement state estimates. The filter- 
indicated performance implied by this covariance matrix is 
summarized in this section. 

A h 

R-2065 I 

Figure 2.3-1 Typical GPS User Mechanization 

The general structure of the ii-state filter used 
in the ascent phase study is presented in Table 2.3-1. 
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7 

State  D e f i n i t i o n  S t a t e  
Number 

TABLE 2.3-1 
NAVIGATION FILTER STATES 

1-3 
4-6 
7-9 
10 
11 

.J 
P o s i t  ion*  
V e l o c i t y *  
I M U  Misal ignment  Angles* 
R e c e i v e r  C lock  P h a s e  Error 
R e c e i v e r  Clock  Freauency  E r r o r  

The i n i t i a l  sys t em c o v a r i a n c e  m a t r i x ,  P , ( to) ,  and c o n t i n u o u s  
, are b o t h  d i a g o n a l .  I n i t i a l  p r o c e s s  n o i s e  mat r ix ,  

s t a n d a r d  d e v i a t i o n s  for t h e  f i l t e r  states and s p e c t r a l  
d e n s i t i e s  f o r  t h e i r  a s s o c i a t e d  p r o c e s s  n o i s e s  are p r e s e n t e d  
i n  T a b l e  2.3-2. 

QFC 

The i n i t i a l  v e l o c i t y  error u n c e r t a i n t y  s p e c i f i e d  i n  
T a b l e  2.3-2 is b a s e d  on t h e  p r e f l i g h t  v e h i c l e  motion model 
g i v e n  i n  S e c t i o n  3.2 of Ref. 1. The i n i t i a l  misa l ignment  
and t h e  v e l o c i t y  and misa l ignmen t  p r o c e s s  n o i s e  v a l u e s  a re  
b a s e d  on t h e  IMU per formance  s p e c i f i c a t i o n  of  R e f .  28. The 
v a l u e s  f o r  t h e  clock s ta tes  ( S t a t e s  10 and 11) were s e l e c t e d  
under  t h e  assumption t h a t  t h e  o sc i l l a to r  i n  t h e  onboard  re- 
c e i v e r  w i l l  have  o p e r a t i n g  c h a r a c t e r i s t i c s  s imilar  t o  those 
of  t h e  S h u t t l e  NTU and t h a t  i t  w i l l  be c a l i b r a t e d  p r i o r  t o  
l aunch .  The MTU errors are d i s c u s s e d  i n  S e c t i o n  2 . 4 .  

The measurement c o v a r i a n c e  m a t r i x ,  R ,  f o r  t h e  GPS 
measurement is d i a g o n a l .  R I B  v a l u e s  of 1 2  f t  and 0.05 f p s  
are assumed f o r  t h e  p o s i t i o n  and  v e l o c i t y  measurements  - t h e  
12 f t  v a l u e  assumes t h a t  t h e  P-code ( h i g h  a c c u r a c y )  GPS t r a n s -  
m i s s i o n s  are used  on t h e  Space  S h u t t l e .  A d d i t i o n a l  measurement 

* 
These s t a t e s  a r e  e x p r e s s e d  i n  t h e  I ( I n e r t i a l )  c o o r d i n a t e  
frame of Appendix A of Ref .  1. 
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TABLE 2.3-2 
ASCENT NAVIGATION FILTER INITIAL CONDITIONS 

Initial Filter 
Standard Deviations 

Vnluc? I Units 
Description State 

NO. 

1 
2 
3 
4 
5 

6 
f 

a 
B 
10 
11 

X Position Error 
S Position Error 
2 Position Error 
X Velocity Error 
Y Velocity Error 
2 Velocity Error 
X Platform MiSalignment 
S Platform Nisolignment 
2 Platform Misalignment 
Receiver Clock Phase Error 
Receiver Clock Frequeocy Error 

10 
10 

10 

0.01 
0.01 

0.01 

60 
60 

60 
100 

0.1 

ft 
ft 
ft 
fPS 
fps 
fps 
STC 

SGC 

sec 
ft 

fPS 

h 

T-004 
Filter Process Noise 
Spectral Deneitzes 

Value I Units 

0.001 

0.001 
0.001 
0.035 

0 . 0 3 5  
0 . 0 3 5  

errors, such as ionospheric propagation uncertainties, plus 
unmodeled satellite errors are assumed to be included in the 
12 ft and 0.05 fps values. 

As a preliminary study of filter performance, the 
filter was simulated twice, once as an optimal Kalman filter, 
and once withmeasurementunderweighting.* The purpose of 
underweighting is to prevent the filter from making sudden 
large changes in the state estimates when a new sensor is 
first acquired. This reduces the possibility of filter 
divergence as well as reducing the sensitivity of the filter 
to a single bad measurement. In an optimal Kalman filter, 
the gain matrix for a measurement is computed as: 

K = PHT [HPHT+R1'l (2.3-1) 

With underweighting, this equation is modified to read: 

~ ~~ ~~~ 

*Underweighting is discussed in Ref. 1 and is included in 
the Shuttle baseline for entry (Ref. 4 5 ) .  
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(2.3-2) K PH T [U~~HPH~+R]-' 

where u is the underweighting factor, a scalar larger than 
unity. For the results presented here, an underweighting 
factor of 1.2 was used mtil the root sum of the position 
variances [the square root of the sum of P(l,l), P(2,2) and 
P(3,3)j was less than 1000 ft. 

70 

When the filter was run with measurement underweight- 
ing, the underweighting was turned off after 3 measurements, 
but its influence continued to be significant until about 
the eighth measurement. After the 8 measurements, the 
optimal and underweighted filters had nearly identical per- 
formance. Since measurement underweighting did not appear 
to sacrifice any navigation accuracy at orbit insertion, it 
was used for the baseline filter. 

The filter covariance results are presented in 
Fig. 2.3-2 for the first 8 measurements. No measurements 
are made until 630 sec after liftoff; the filter covariance 
propagates in an open loop manner until that time. The 
first measurement is from Satellite No. 4 ,  which has a 
line-of-sight approximately perpendicular to the Shuttle 
trajectory (Fig. 2.2-1). Consequently, the first update re- 
sults in a significant decrease in the filter-indicated rms 
crossrange position and velocity error. Subsequent measure- 
ments provide significant decreases in the rms downrange and 
radial errors. After eight updates, the filter-indicated 
rmserrorshave decreased from approximately 2400 ft to 20 ft 
peraxis in position and from approsimatelg 7 fps to 0.2 fpsper 
axis in velocity. Although measurements are taken until orbit 
insertion (771.0 sec, 24 updates), there is no significant re- 
duction in the filter-indicated covariance after the eighth 
update. 
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olRM5 POSIlION ERROR 

A 5 I 1  I2 13 17 I )  1 5 11 t2 13 17 1c 24 
SATELLITE WMBEP t S A l E l l l l t  W B E P  b 

4 

f l R R  G 6  E l O l I M  cn EIGMlM GPI 
ME ASUREMEM 

MEASJPEMW' WASMWENT 

t 
LlRST GP5 
MFASUREMENT 

Figure 2.3-2 Filter-Indicated Ascent Navigation 
Performance for First Eight GPS 
Me asu r emen t s 

The filter covariance data for all 11 filter states 
is summarized in Table 2.3-3. The data is presented at four 
times : 

e Liftoff (t = 0 sec) 

e prior to the first GPS measurement 
(t = 630' sec) 

e after the eighth GPS measurement 
(t = 672+ t t x )  

e at orbit insertion (t = 771 sec) 

In addition to improving the position and velocity estimates, 
it is interesting to note that the filter-indicated results 
suggest that GPS-aiding during ascent can estimate IMC mis- 
alignments to an accuracy better than that obtained from 
ground alignment. Although the filter is somewhat optimistic 
in its estimates, this capability is confirmed in Section 2.5. 
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* 

TABLE 2.3-3 
FILTER-INDICATED PERFORMANCE DURING ASCENT 

U S  POSitlOn Errors RLlS Veloiity Errors RXS l l isalag mefit Errors R\lS Chuck t r r c r a  

t i :  r !ps)  
P I I ~ S P  f r e q .  

(6% i ( f t )  ( fP .5 )  

CR R Da CR R DR CR 
E v e n t  T 

(set) DR 

0.01 60.0 60.0 60.0 100.0 0.10 

' O - O  0*01 O . O 1  I I 
Leuncl, 0. 10.0 10.0 

U~,asurtarrar 630.( - )  2184.6 1667.8 1803.3 4.06 7 . 4 0  7 .19  G0.2 60 2 0 0 . 2  126.4 0.17 Before First  

0 . 8  19.0 28.6 0.07 0.16 0.17 12.0 6 .6  1 2 . 4  19 9 0.10 

5 . 0  I 6.7 12 .5  0.08 0.16 0.13 11.0 6.8 1 3 . 4  7 . 5  0 .06  

After E i g h t h  672.(+)  
Ueasuremen t 

Orbit 
I n s e r t i o n  771*0 

I 

2 . 4  ASCENT PHASE TRUTH MODEL 

The ascent phase truth model provides a detailed de- 
scription of the environment in which the navigation filter 
must operate. As such, it is the basic element of the SYSTEM 
module (Fig. 2-1) which is used to analyze the performance 
of the candidate filter. The error sources included in the 
truth model fall into five general classes: 

Receiver measurement noise 

IMU errors 

Shuttle MTU errors 

Gravity modeling errors 

GPS satellite position, velocity and 
clock errors 

The mathematical details of the models for these error sources 
were presented in Ref. 1. A brief description of the models 
and a summary of the numerical v a l u e s  used for the performance 
analysis are presented in this section. 
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2 . 4 . 1  T r u t h  Model D e f i n i t i o n s  

W i t h  t h e  e x c e p t i o n  of r e c e i v e r  measurement n o i s e ,  each  

A t o t a l  of 128 
of t h e  error models i n c l u d e d  i n  t h e  a s c e n t  phase  t r u t h  model 
r e q u i r e s  t h a t  a set of error states be d e f i n e d .  
error states a re  i n c l u d e d  i n  t h e  t r u t h  model;  t h e  s ta tes  are 
i d e n t i f i e d  i n  T a b l e  2.4-1. Except for  t h e e l e v e n  f i l t e r  s t a t e s ,  
t h e  e r r o r  s ta tes  are grouped i n  terms of t h e  e r r o r  s o u r c e  
classes d e f i n e d  above.  The t o t a l  of  88 GPS-related s ta tes  
i n c l u d e s  e l e v e n  f o r  each of t h e  e i g h t  v i s i b l e  GPS s a t e l l i t e s .  

TABLE 2.4-1 
ASCENT PHASE TRUTH MOPEL STATES 

Error Source  I 
I 1. F i l t e r  States 

11. IB!U Errors 
Acccleromc; er 

Biases 
S c a l e  F a c t o r s  
Asyrnmct r i es 
Non-Orthogonal i t ies  

Bias Drift 
Mass Unba, ances 

111. S h u t t l e  h!TU Errors 

Gyroscope 

IV. G r a v i t y  h b d c  1 1:rrors 
V. GI’s Saie!litc E r r o r s  

Position 
V e 3 o c i t y 
c7 c,ck 
S o l a r  P:-c-ssure 
G r n v i  t a t  j o 1 i : i l  U n c c r t n I n t  > 

I 

‘1‘nt 3 1 

*Number o f  Lrror S l ; t t e s  P c r  Satcl!itc 

~~~ _ _  

Individual 
E r r o r  Sources 

11 

3 
3 
3 
3 

2 
5 
5 
3 

3* 
3* 
3* 
1’ 
1 *  

11 
20 

G 

3 

88 

1 2 h  

The e l e v e n  f i l t e r  s t a t e s  a r e  i d e n t i c a l  t o  t h o s e  i n  
t h e  n a v i g a t i o n  f i l t e r  mechan iza t ion ;  however ,  t h e  position, 
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v e l o c i t y  and misa l ignment  states are n o t  d r i v e n  by p r o c e s s  
n o i s e  as w a s  implied i n  T a b l e  2.3-1. I n s t e a d ,  t h e s e  states 
are d r i v e n  by t h e  appropriate error s o u r c e s  i n  t h e  t r u t h  
model,  e .g . ,  IW and g r a v i t y  model errors. (The f i l t e r  treats 
these unmodeled errors as process n o i s e . )  Also, whereas  
states 10 and 11 reflect t h e  f i l ter  estimates of t h e  MTU 
phase and f r equency  errors, t h e  a c t u a l  MTU errors are speci- 
f i ed  i n  Group I11 of T a b l e  2.4-1. 

The states d e f i n e d  for t h e  IMU error model are a 
s u b s e t  of those i n c l u d e d  i n  t h e  de t a i l ed  error model used  
for  t h e  p r e f l i g h t  c a l i b r a t i o n  and a l ignmen t  a n a l y s i s  ( R e f .  
Only those IMU error s o u r c e s  which  c a n  make a n  a p p r e c i z b l e  
c o n t r i b u t i o n  t o  t h e  nav iga t i cm errors a t  o r b i t  i n s e r t i o n  
were r e t a i n e d .  Thus.  t h e  o r i g i n a l  model w a s  r educed  t o  20 
key s ta tes  for t h i s  a p p l i c a t i o n .  

1) 

The g r a v i t y  error model is based on R e f .  44 and con- 
sists of t w o  v e r t i c a l  d e f l e c t i o n  states (downrange and cross- 
r a n g e )  and one  g r a v i t y  anomaly s ta te .  The error magn i tudes  
are typ ica l  of those expec ted  f o r  an  onboard  g r a v i t y  model 
which does n o t  accoun t  f o r  h i g h  f r equency  g r a v i t a t i o n a l  ef- 

fec ts .  The model parameters are de te rmined  as a f u n c t i o n  of 
a l t i t u d e  and v e l o c i t y  by table look-up. As a l t i t u d e  increases. 
t h e  error magnitude decreases. 

The S h u t t l e  hfTU error model is t h e  5-state model 

developcd i n  R e f .  1, e x c e p t  t h a t  an  a c c e l e r a t i o n - s e n s i t i v e  
error s t a t e  h a s  been added t o  reflect t h e  most recent 
test data a v a i l a b l e  ( R e f .  5 0 ) .  The r e s u l t i n g  6-state model 

conforms w i t h  a NASA g e n e r a t e d  spec i f i ca t ion  for  normal ized  

2-23 



THE ANALYTIC SCIENCES CORPORA7ION 

* 
r m s  p h a s e  e r r o r ,  ( T ) / T ,  and maximum random a g i n g  r a t e  
f o r  t h e  !&TO. The s p e c i f i c a t i o n s  are: 

0 Normalized r m s  p h a s e  error of 10-l' o v e r  
t h e  interval  0 . 5  sec I, T 10 sec. 

A maximum random a g i n g  ra te  of 10'' p e r  
day.  T h i s  is e q u i v a l e n t  t o  an r m s  a g i n g  
ra te  of 3 . 3  x 10-10 p e r  day .  

0 

The NASA s p e c i f i c a t i o n  and t h e  6-state approx ima t ion  t o  t h i s  
s p e c i f i z a t i o n  ( a s suming  z e r o  a c c e l e r a t i o n )  are shown in 
F i g .  2.4-1.  The model w a s  deve loped  based  on t h e  approach  
p r e s e n t e d  i n  Ref .  10. F i g u r e  2.4-1 also d e m o n s t r a t e s  t h e  
no rma l i zed  r m s  p h a s e  e r r o r  f o r  t h e  2 - s t a t e  model deve loped  
f o r  t h e  n a v i g a t i o n  f i l t e r .  

R-19072 

1 10' 10' lo3 VY 105 106 

F i g u r e  2.4-1 Normalized RhlS Phase  E r r o r  
AVERAGING TIME - T [set) 

f o r  Q u a r t z  C r y s t a l  Clock Model 
(Assuming Zero Acceleration) 

*The MTU s p e c i f i c a t i o n  ( R e f ,  11) d o e s  n o t  clearly i n d i c a t e  
w h e t h e r  t h e  o s c i l l a t o r  per formance  is t o  be e v a l u a t e d  u s i n g  
Allrn v a r i a n c e s  or no rma l i zed  rms phase  e r r o r .  For  a g i v e n  
numer ica l  v a l u e ,  t h e  l a t t e r  is a less s t r i n g e n t  s p e c i f i c a t i o n  
and was t h e r e f o r e  assumed f o r  t h i s  s t u d y .  
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The linear system block diagram for the 6-state clock 

respectively, and a 
model is presented in Fig. 4.2-2. 

assume values of 1.01 x 10-1 and 1 x 

is the Shuttle acceleration along the major thrust axis. 
Table 2.4-2 contains a description of the six clock model states. 

The parameters K1 and K2 

1. 

Figure 2.4-2 Quartz Crystal Clock Error !:ode1 

TABLE 2.4-2 

SHUTTLE MTU ERROR STATE DEFINITIONS 

Symbol 

8 4  
6f 
6 f  

B r l  

s i  

”1 
w2 

w3 

6 i, 

Error Source Definitions 

Phase Error 
Frequency Error 
Aging 
Flicker Frequency Error 
Random Frequency Rate Error 
Acceleration Sensitivity 

I White Process Noise 

Units 

ft 

fPS 
ft/sec 
fPS 

ft/sec 
2 ft/sec / g  

fPS 
ft/sec 

2 

2 

2 
ft/sec 3 
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The GPS satel l i te  error model w a s  implemented i n  t h e  
NESA program (see S e c t i o n  2 . 2 ) ,  which produced a data tape 
w i t h  an  88 x 88 covai- iance matrix and  an associated state 
t r a n s i t i o n  m a t r i x  for each measurement t i m e .  Although t h e  
NESA program used  more t h a n  88 states i n  its error model 
( t r a c k i n g  s t a t i o n  clock errors, s u r v e y  errors, e t c . ) ,  t h e  
88 states d e f i n e d  i n  T a b l e  2.4-1 are s u f f i c i e n t  t o  character- 
ize t h e  GPS sa te l l i t e  c o n t r i b u t i o n s  t o  usermeasurement  errors. 

2 . 4 . 2  T r u t h  Model Data Base 

The data base for  t h e  a s c e n t  phase t r u t h  model con- 
sists of t h e  numer i ca l  data r e q u i r e d  t o  e v a l u a t e  t h e  f i l ter  
per formance  i n  an environment  d e f i n e d  by t h e  t r u t h  model. 
In most cases t h i s  c o n s i s t s  of i n i t i a l  c o v a r i a n c e s ,  process 
noise s p e c t r a l  d e n s i t i e s ,  andmeasurement v a r i a n c e s ,  b u t  i n  
c e r t a i n  i n s t a n c e s  it also i n c l u d e s  t i m e  c o n s t a n t s  f o r  corre- 
la ted  error s o u r c e s .  The  data base f o r  a l l  error s o u r c e s  
e x c e p t  t h e  GPS sa t e l l i t e  errors is p r e s e n t e d  i n  Table 2.4-3. 
The GPS sa te l l i t e  errors are characterized i n  t h e  t e x t  cf 
t h i s  s e c t i o n .  

The measurement e r r o r s  spec i f ied  i n  t h e  t a b l e  assume 
t h a t  a m u l t i c h a n n e l  X-rece iver  is used  t o  process t h e  P-code 
( h i g h  a c c u r a c y )  o n  t h e  Space S h u t t l e .  A d d i t i o n a l  measureflent 
e r r o r s ,  s u c h  as  i o n o s p h e r i c  p r o p a g a t i o n  u n c e r t a i n t i e s ,  p l u s  
unmodeled s a t e l l i t e  e r r o r s  are assumed t o  be i n c l u d e d  i n  t h e  

12 f t  and 0.05 f p s  v a l u e s .  

The  s t a n d a r d  d e v i a t i o n s  ass igned  t o  t h e  IMU errors 
( i n c l u d i n g  I N  misa l ignmen t )  are based on t h e  I M U  performance 
spec i f i ca t ion  ( R e f . 2 8 ) .  The  pos i t i on  and v e l o c i t y  u n c e r t a i n t v  
v a l u e s  were d e r i v e d  from a model of wind-induced o s c i l l a t i o n s  
of the S h u t t l e  on t h e  launch  pad ( R e f .  1 ) .  I t  is impor t an t  t o  
n o t e  t h a t  tbese error s o u r c e s  are modeled a s  independen t  
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TABU 2.4-3 

2’-0268 
ASCENT NAVIGATION TRUTH MODEL DATA BASE 

Error Source 

0. Uncorrelated GPS Receiver 

kudo-Banee 
Pseudo-Range-Rate 

Position 
Velocity 
Yisaligrunents 

Accelerometer 

Measurement Errors 

1. mite Stat- 

11. I W  Brrors 

True B i a s e s  
Scale Factors 
A s m t r i e s  
Ilonortbogonalities 

Rut B i a s  Drifts 
Mass Unbalance 

Cpm 

t11. Shuttle XTU Errors 
Phase Error 
Frequency Brrcr 
4m 
Random Frequency Error 
Bondap Frequency Rate Error 
Acceleration Sensitivity 

I V .  Gravitational Deflectiom 
.ad Anomalies 

V. GPS Satellite Errors 

itandud Deviation 

12 
0.05 ips 

10 it 
:oog” 

50 ug 
40 PPI 

‘19 
0.015 dag/& 
0.025 deg/hrlg 

loo ft 
0.01 fps 
3.66.104 fc/sec2 
20.2 fps 

0.1 itfsec /g 
1.37 ftlseg2 

8 6 2  
67 mgol 

Computed G s i n g  
Programs 

T i e e  
coastant 

Process loise 
Spectral Density 

0 
0 

0 
0 
0 

0 
0 
0 
0 

Eq. (2.4-2) 

?’unction of 
Altitude aad 
Vehicle Speed 
see text 

rather than correlated errors. The IMU errors resulting from 
the preflight calibration will be correlated, but the effort 
presently underway at TASC to estimate those correlations 
is not complete. When they become available, these correla- 
tions can be added to the truth model. 

Except for acceleration sensitivity, the values 
shown for the BdTU are t h o s e  used in generating Fig. 2.4-1. 
The MTU has a preferred axis along which tne acceleration 
sensitivity is significantly smaller than for the other two 
axes. In selecting the 0.1 ft/sec /g (1 part in 10 per g) 
value in Table 2.4-3, it was assumed that this axis will be 
oriented along the major thrust axis for the Shuttle, but 
the results of Section 2 . 5  indicate that, for the selected 
measurement schedule, acceleration sensitivity would not be 
a dominant error source even if the MTI: orientation were 
arbitrarily chosen. 

2 10 
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The process noises wl, w2 and w3 for the M"V model 
(Fig. 2.4-2) are linearly dependent. The process noise 
spectral density used to generate Fig. 2.4-1 is 

& =  

4 . 5 6 ~ 1 0 - ~  0 0 4 . 1 4 ~ 1 0 - 1  4 . 5 1 ~ 1 0 - ~  0 

0 0 0 0 0 0 

0 0 0 0 0 0 

4.  14x10-1 0 0 3 . 7 7 ~ 1 0  4 .  lox lo- l  0 

4 . 5 1 ~ 1 0 - ~  0 0 4 .  l O x l O - '  1 . 4 7 ~ 1 0 - ~  0 

1 

0 0 0 0 0 0 
with units specified in Table 2.4-2. - ~~ . 

(2 .4-2)  

The covariance matrix for the GPS satellite error 
sources was generated by the NESA program. The satellite 
contributions to measurement error vary as a function of 
Orbiter/satellite geometry, time since last ephemeris update, 
etc., but Fig. 2.1-2 provides a general indication of the 
magnitude of the errors involved. For satellites which were 
uploaded immediately prior to the launch time, e . g . ,  satellite 
No. 18, the satellite-contributed measurement errors would 
be on the order of 2 ft and 0.001 fps. For satellites with 
less recent updates, the errors could be a factor of 2 or 3 

grearer. 

2 . 5  GPS-AIDED ASCENT NAVIGATION PERFORNANCE 

The previous sections of this chapter have defined 
the proposed navigation filter for GPS-aided ascent navigation 
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and a stochast ic  model ( t r u t h  model) of t h e  real world 
environment  i n  which t h e  f i l t e r  is d e s i g n e d  t o  operate. The 
per formance  of t h e  n a v i g a t i o n  f i l t e r  i n  t h i s  environment  
is ana lyzed  v i a  c o v a r i a n c e  a n a l y s i s  i n  t h i s  s e c t i o n .  The 
r e s u l t s  o f  t h e  a n a l y s i s  are p r e s e n t e d  i n  t h e  form o f  both a 
t i m e  h i s t o r y  of overal l  n a v i g a t i o n  per formance  d u r i n g  t h e  

GPS measurement i n t e r v a l  and as a detai led error budget  a t  
o rb i t  i n s e r t  ion. 

The first GPS measurement is t a k e n  a t  630 sec, m i d w a y  
t h rough  t h e  f i n a l  OMS i n s e r t i o n  b u r n .  Pr ior  t o  t h a t  t i m e  t h e  

n a v i g a t i o n  mode is p u r e - i n e r t i a l .  The rms n a v i g a t i o n  errors 
a t  630 sec are approx ima te ly  2000 f t  and 7 f p s  a l o n g  each 
a x i s ,  which rough ly  c o r r e s p o n d s  t o  t h e  c u r r e n t  s p e c i f i c a t i o n  
f o r  orbi t  i n s e r t i o n  accu racy  ( R e f .  1 7 ) .  The dominant c o n t r i -  
b u t o r  t o  t h i s  e r r o r  is i n i t i a l  IMU m i s a l i g n m e n t ,  b u t  v a r i o u s  
gy ro  and accelerometer e r r o r  s o u r c e s  are also s i g n i f i c a n t .  

The o v e r a l l  performance of GPS-aided n a v i g a t i o n  w i t h  
t h e  11-state n a v i g a t i o n  f i l t e r  is ind ica t ed  i n  F i g .  2.5-1. A t  

t h e  time of t h e  f i r s t  measurement,  there  is a n  immediate 
decrease i n  both p o s i t i o n  and ve loc i ty  errors. Because of t h e  

r e l a t i v e  geometry of  t h e  S h u t t l e  and t h e  GPS s a t e l l i t e  ( S a t -  
e l l i t e  No. 4 )  f o r  t h i s  measurement,  t h e  greatest i n i t i a l  
r e d u c t i o 3  is i n  crossrange errors. A s  subsequen t  measure- 
ments  from d i f f e r e n t  sa te l l i t es  are processed, however,  t h e  
improvement i n  a l l  three components of p o s i t i o n  and v e l o c i t y  
is both. uni form and dramatic. After measarements  from a l l  
e i g h t  v i s i b l e  s a t e l l i t e s  have been p r o c e s s e d  ( a t  672 s e c ) ,  
t h e  r m s  n a v i g a t i o n  errors are on  t h e  order of 20-30 f t  and 

0.2 f p s  a l o n g  each a x i s ,  w i t h  t h e  v e r t i c a l  errors b e i n g  

s l i g h t l y  l a rge r  because of t h e  l a c k  of a GPS s a t e l l i t e  
d i r e c t l y  overhead of t h e  O r b i t e r .  O v e r  t h e  remainder  of 

t h e  measurement i n t e r v a l ,  t h e  n a \ - i g a t i o n  errors s lowly  
d e c r e a s e  so t h a t  they a r e  less t h a n  20  f t  and  0 . 2  f p s  rms 
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el RMS POSITION ERROR b) RMS VELOCITY ERROR 

e-22759 -- - VERTICAL ERROR - - - - - DOWNRANGE ERROR - CIOSSRUGE ERROR 

- - - VERTICAL ERROR - - - - - OoWNnurO ERROR - CROSSRANGE ERROR 

630 6.50 670 a90 780 730 750 770 

-1 
t t 

Ewtn 
t t 

W U T  ,)US7 
MEAWREMENT MEASUUEWMNT INSERTION MEASUREMENT MEASUREMENT INSSTION 

t 
KiwTn 

t 
nnsr 

(seconds ofm TIME Iifdf) 
iscrwdr o b  Isltoifl 

F i g u r e  2.5-1 GPS-Aided Ascent N a v i g a t i o n :  O v e r a l l  Per formance  

along e a c h  a x i s  a t  o r b i t  i n s e r t i o n .  These errors are some- 
what larger t h a n  t h o s e  of t h e  GPS r e c e i v e r  and  s u g g e s t  t h a t  
error sources o t h e r  t h a n  t h e  r e c e i v e r  errors ( e . g . ,  s a t e l l i t e  
ephemeris and clock) remain i m p o r t a n t .  

The c o n c l u s i o n  t o  be drawn  from F i g .  2.5-1 is 
t h a t  t h e  proposed n a v i g a t i o r .  f i l t e r  can  e f f e c t i v e l y  i n c o r -  
p o r a t e  GPS measurements i n t o  t h e  n a v i g a t i o n  s o l u t i o n .  The 
d e g r e e  t o  which GPS-aiding improves n a v i g a t i o n  performance 
is f u r t h e r  i l l u s t r a t e d  b y  Tab le  2.5-1 which  compares t h e  
n a v i g a t i o n  errors p r i o r  t o  t h e  first GPS measurement w i t h  
t h o s e  a t  o r b i t  i n s e r t i o n .  The tab le  i n d i c a t e s  t h a t  GPS- 
a i d i n g  h a s  decreased t h e  rms p o s i t i o n  errors by better t h a n  
a factor of 100 and t h e  r m s  velocity errors by better than 
a f a c t o r  of 30. Fur the rmore ,  t h e  t ab l e  i n d i c a t e s  t h a t  - t h e  

f i l t e r  h a s  used  GPS measurements t o  a l i g n  t h e  IMU d u r i n g  
powered f l i g h t .  Whereas t h e  r m s  IMU misa l ignmen t s  were 
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Fais 
RES Position RXS Velocity HisaligmAnn: iiS Clock 
E r r o r s  (ft: Errors (fps) Errors (sec) Errcrs 

Phase Freq. 
Implementation 38 CR R DR CR R DR CF! R (ft) (fps) 

Pure Inertia’ 2280 2730 1864 5.2 7.6 7.4 64 62 61 132 0 . 2 0  ~ar-igat  ion* 

GPS- A i  ded 
h’avigat ion 7 9 16 0.1 0.1 0.2 25 13 15 4 0.14 

i - 

TABLE 2.5-1 

EFFECT OF GPS I N  REDUCING O R B I T  INSERTION ERRORS 

slightly greater than 60 sTc prior to the first measurement, 
they are approximately 13 s?c about the orthogonal (cross- 
range and vertical) axes and 25 s6c about the downrange axis. 

ficantly reduce the importance of the current system specifi- 
cations for IMU alignment Drior to launch and the deorbit burn. 

5- 

One measure of navigation filter performance is the 
degree to which the filter covariance reflects the actual 
navigation accur;cy. Comparison of Table 2.5-1 with 
Table 2.3-2 indicates that the filter was somewhat optimistic 
relative to the true position and velocity accuracy, but the 
difference was not significant. The filter was considerably 
over-optimistic in its estimate of IMU misalignments, however, 
11-hich suggests that it might be desirable to increase the 
process noise which the filter uses to account for gyro errcjrs. 

The detailed error budget at orbit insertion is 
presented in Table 2.5-2. The most prominent feature of the 
table is that the navigation performance is completely domin- 
ated by GPS-related errors. The IMU is the major contributor 
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Error Source 

Izitial Conditions 
Neasuremezt h'oise 
Accelerometer: 

Quat izo t ion 
Bias 
Scale Factor 
Aspnmretrp 
Sonorthogonality 

Bias 
Maas Dobalance 

Gyroscope: 

Input Axis 
Spin Axis 

MTU (Clock): 
Floe State Yodel 
Acceleration Term 

Gravity Model 
GPS Sntelllte Error. 

TABLE 2.5-2 

DR 

0.0  

G c D  

0.1 
0.1 
0.0 
0.0 
0.0 

0.0 

0 .0  
0 .0  

2 . 5  
0 . 0  
0 . 0  

a 

ASCENT ERROR BUDGET AT O R B I T  INSERTION 

~~ ~ 

CR 

0 .0  

czDc33 
0.1 
0.6 
0.1 
0.1 
0.1 

0.0 

0 . 0  
0 . 0  

T-0270 

Position :it) Velocity (ips) I Misalignment ( S a )  

R DR 

0.1 0.00 
0.04 

0.2 0.00 
0.5 0.01 
0.2 0.00 
0.2 0.00 
0.4 0.00 

0.1 0.00 

0.1 0.00 
0 . 0  0.00 

0.00 

0.00 . 
0.00 

RSS Total 1 6 . 9  

0.00 ais U D  acD 
0.00 C E D  3.9 ax3 
0.00 4.0 1.1 2.6 

1.5 

0.01 0.01 
0.04 0.03 

0.2 

to the remaining misalignment uncertainty, but the velocity 
estimation accuracy is dominated by the frequency errors 
in the MTU and the position estimation accuracy is domicated 
by the combination of GPS receiver measurement noise and GPS 
satellite ephemeris (and clock phase) errors. This dominance 
of GPS-related error sources implies that navigation perform- 
ance is insensitive to an increase in the magnitude of any 
other error source as long as GPS is available. 

The most important conclusion to be drawn from 
Table 2.5-2 is that, when GPS-aiding is used, ascent navigation 
accuracy may not be sensitive to the quality of the I M U .  The 
role of the IMU is to provide an inertial reference with short 
term stability so that GPS measurements taken at different 
times can be "tied together" to generate an accurate naviga- 
tion estimate. The IMU need not have good long term stability 
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performance  c h a r a c t e r i s t i c s  a n d ,  more i m p o r t a n t  i n  a Space 
S h u t t l e  c o n t e x t ,  it need n o t  be a c c u r a t e l y  calibrated o r  
a l i g n e d .  

A seconZ i m p o r t a n t  o b s e r v a t i o n  is t h a t  t h e  accelera- 
t i o n - s e n s i t i v e  MTU error had a n e g l i g i b l e  e f f e c t  on t h e  nav i -  
g a t i o n  accu racy .  T h i s  is p a r t l y  due t o  t h e  f a c t  t h a t  t h e  GPS 
measurements were p r o c e s s e d  d u r i n g  a low a c c e l e r a t i o n  phase  of 
t h e  m i s s i o n  (approximate ly  0 .1  g ) ,  b u t  t h e  error budget  sug-  
gests t h a t  even  d u r i n g  3g a c c e l e r a t i o n  t h e  v e l o c i t y  error d u e  
t o  t h i s  error s o u r c e  would be less t h a n  0.3 f p s .  Thus,  t h e  
p o s s i b i l i t y  ex i s t s  f o r  u t i l i z i n g  GPS-aided i n e r t i a l  n a v i g a t i o n  
d u r i n g  t h e  e n t i r e  a s c e n t  m i s s i o n  p h a s e .  

The impor tance  of t h e  NTU f r equency  errors i n  l i m i t -  
i n g  v e l o c i t y  accu racy  i s  reflected i n  T a b l e  2.5-1. Although 
GPS-aiding improved t h e  p o s i t i o n  and v e l o c i t y  estimates, i t  
c o u l d  n o t  improve t h e  clock f r equency  error estimates s i g n i -  
f i c a n t l y ,  p r i m a r i l y  because  of  s h o r t - t e r m  i n s t a b i l i t i e s  i n  t h e  
MTU f r equency  (see T a b l e  2 .4 -3 ) .  I n  e f f e c t ,  t h e  r e s i d u a l  
SITU f r equency  estimation e r r o r  e s t ab l i sh  t h e  lower l i m i t  f o r  
t h e  v e l o c i t y  errors. Any a t t e m p t  t o  f u r t h e r  decrease t h e  

v e l o c i t y  e r r o r s  would r e q u i r e  an onboard c l o c k  w i t h  improved 
f r equency  s t a b i l i t y  c h a r a c t e r i s t i c s .  

2 . 6  ASCENT SENSITIVITY ANALYSIS 

The error budget  i n  Section 2.5 w a s  g e n e r a t e d  unde r  
t h e  assumpt ion  t h a t  t h e  t r u t h  model p r e s e n t e d  i n  S e c t i o n  2 . 4  

is an  a c c u r a t e  s t a t i s t i c a l  r e p r e s e n t a t i o n  of t h e  rea l  wor ld  
error s o u r c e s  wh ich  would  affect  n a v i g a t i o n  s y s t e m  pe r fo rmance .  
S i n c e  many of  t h e  models a r e  based upon performance p r o j e c t i o n s  
for hardware which h a s  n o t  y e t  been b u i l t ,  i t  i s  necessary 
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t o  e v a l u a t e  t h e  s e n s i t i v i t y  of t h e  n a v i g a t i o n  f i l t e r  t o  
unknown v a r i a t i o n s  i n  t h e  r m s  v a l u e s  of t h e  dominant e r r o r  
sources. S e n s i t i v i t y  c u r v e s  for t h e  a s c e n t  n a v i g a t i o n  f i l t e r  
are p r e s e n t e d  i n  t h i s  sect ion.  

The e r r o r  budget  i n  Table 2.5-1 i n d i c a t e s  t h a t  
p o s i t i o n  errors a t  o r b i t  i n s e r t i o n  are dominated by GPS- 
related e r r o r s ,  p r i m a r i l y  r e c e i v e r  n o i s e  and GPS sa t e l l i t e  
errors. The performance s e n s i t i v i t i e s  t o  v a r i a t i o n s  i n  these 
error s o u r c e s  are p r e s e n t e d  i n  F i g s .  2.6-1 and 2.6-2, respec- 
t i v e l y .  As a n  example of how t o  i n t e r p r e t  t h e  r e s u l t s ,  
consider F i g .  2.6-1. The e r r o r  budget  indicates t h a t ,  f o r  
t h e  baseline e r r o r  model, t h e  rad ia l  p o s i t i o n  e r r o r  a t  o r b i t  
i n s e r t i o n  is 16 f t .  I f  t h e  r e c e i v e r  n o i s e  were a f a c t o r  of 
5 worse t h a n  p r e d i c t e d  by t h e  error model ,  however, and i f  
t h e  f i l t e r  p a r a m e t e r s  were n o t  a d j u s t e d  t o  reflect  t h e  
increase,  t h e n  t h e  r ad ia l  e r r o r  woula i n c r e a s e  t o  60 f t .  

- 

Both F i g s .  2.6-1 and 2.6-2 ind ica te  a s t rong  p e r i o r -  
mance s e n s i t i v i t y  t o  t h e  GPS e r r o r  s o u r c e s .  However, t h e  

error magni tudes  a n t i c i p a t t u  i n  t h e  model are  no t  l i k e l y  t o  
be s i g n i f i c a n t l y  i n  e r r o r  f o r  Phase 111 GPS. I f  t h e  Space 
S h u t t l e  were t o  process t h e  C/A-code ( l o w  a c c u r a c y )  s i g n a l  
ra ther  t h a n  t h e  P-code ( h i g h  a c c u r a c y )  s i g n a l ,  t h e  r e c e i v e r  
e r r o r s  would be a fac tor  of 10 greater t h a n  i n d i c a t e d  i n  
t h e  e r r o r  model, b u t  t h i s  would be a known degradation f o r  
w h i c h  t h e  f i l t e r  cou ld  be a d j u s t e d .  T h e  r e s u l t i n g  p o s i t i o n  
errors would be greater t h a n  t h o s e  i n d i c a t e d  i n  t h e  error 
b u d g e t ,  b u t  q u i t e  l i k e l y  would be c o n s i d e r a b l y  less t h a n  

t h e  x 1 0  numbers i n d i c a t e d  i n  F i g .  2.6-1. 

T h e  o n l y  ma,r)r c o n t r i b u t o r  t o  v e l o c i t y  errors  is  
t h e  hlTU f requency  s t a b i l i t y .  A s  a r e s u l t ,  t h e  v e l o c i t y  e r r o r  
w i l l  e x h i b i t  a near ly  l i nea r  dependence on unknown v a r i a t i o n s  
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10 

F i g u r e  2.6-1 RNS P o s i t i o n  Error  S e n s i t i v i t y  a t  
O r b i t  I n s e r t i o n  t o  GPS Receiver 
Measurement Noise 

F i g u r e  2.6-2 RMS Position Erro r  
O r b i t  Insertion t u  
T rack ing  Errors  

S e n s i t i v i t y  a t  
GPS Satellite 
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i n  t h e  MTU errors. F i g u r e  2.6-3 i n d i c a t e s  t h a t ,  i f  t h e  Mrtr 
were r e p l a c e d  by a more a c c u r a t e  c lock ,  t h e  v e l o c i t y  errors 
cou ld  be s i g n i f i c a n t l y  decreased even w i t h o u t  a d j u s t i n g  t h e  
f i l t e r  parameters. If v e l o c i t y  a c c u r a c i e s  of 0 . 2  f p s  are 
a d e q u a t e ,  however, t h e  MTU will s u f f i c e  as a t i m e  r e f e r e n c e  
as l o n g  as it meets t h e  es tabl ished per formance  s p e c i f i c a t i o n s .  

10 
RELATIVE MTU ERRORS 

F i g u r e  2.6-3 RhlS Veloc i tv  Error  S e n s i t i v i t v  8-t 
O r b i t  I n s e r t i o n  t o  MTU Eyrors 

The p r i n c i p a l  c o n t r i b u t i o n  of IMU-related error 
s o u r c e s  t o  n a v i g a t i o n  per formance  a t  o r b i t  i n s e r t i o n  is t o  
t h e  r e s i d u a l  misa l ignment  error. T h i s  error w i l l  be impT.rtant 
o n l y  i f  r e e n t r y  is  t o  be performed w i t h o u t  GPS measurements 
and w i t h o u t  r e a l i g n i n g  t h e  IMU - c o n s t r a i n t s  which  p o t e n t i a l l y  
c o u l d  be a p p l i e d  t o  s h o r t  d u r a t i o n  m i s s i o n s  such  as 3 B .  
Because -f  geometric e f f ec t s ,  t h e  largest  r e s i d u a l  misa l ign -  
ment is about  t h e  downrange a x i s .  The  r e s u l t s  ir .  F i g .  2 6-4 

i n d i c a t e  t h a t ,  even  i f  the  IhW c a l i b r a t i o n  were a factor  of 

5 worse t h a n  e x p e c t e d ,  t h e  downrange a l ignment  e r r o r  ( a l s o  
crossrange and r a d i a l )  would s t i l l  be less t h a n  100 s<c: a t  
o r b i t  i n s e r t i o n .  S ince  i n i t i a l  c o n d i t i o n s  are a n e g l i g i b l e  

c o n t r i b u t o r  t o  t h e  e r r o r  b u d g e t ,  t h e  per formance  a t  orbit i n -  
s ~ ~ t i o n  woxld be even less s e n s i t i t y e  t o  l a r g e  i n i t i a l  az imuth  
misa l ignmen t s  a t  l a u n c h .  
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10 
RELATIVE GYRO DRIFT COEFFICIENT ERROR 

F i g u r e  2.6-4 RMS Downrange Misal ignment  E r r o r  S e n s i t i v i t y  
a t  O r b i t  I n s e r t i o n  t o  Gyro E r r o r s  

2 . 7  GPS-AIDED ORBITAL LYD DEORBIT NAVIGATION 
PERFORMANCE PROJECTION 

A l l  major changes  t o  t h e  Space  S h u t t l e  o r b i t ,  in-  
c l u d i n g  both t h e  o r b i t  i n s e r t i o n  and  d e o r b i t  maneuvers ,  w i l l  
be accomplished w i t h  t h e  OYS ( O r b i t a l  Maneuvering System) 
eng ines .  The t h r u s t  magni tudes  as w e l l  as t h e  bu rn  d u r a t i o n s  
w i l l  be similar f o r  t h e  f i n a l  o rb i t  i n s e r t i o n  and  t h e  deor- 
b l t  uaneuvers  ( T a b l e  2.7-1). C m s e q u e n t l y ,  t h e  o r b i t  i n s e r -  
t i o n  maneuver and t h e  t e c h n i q u e s  d i s c u s s e d  i n  t h e  p r e v i o u s  
s e c t i o n s  c a n  b e  used t o  g a i n  i n s i g h t  i n t o  p o t e n t i a l  GPS-aided 
n a v i g a t i o n  performance f o r  t h e  deorb i t  maneaver.  

As d i s c u s s e d  i n  S e c t i o n  2.5-2,  t h e  p o s i t i o n  and 
v e l o c i t y  e r r o r s  f o r  GPS-aided n a v i g a t i o n  a t  o rb i t  i n s e r t i o n  
are e n t i r e l y  due t o  GPS-related error s o u r c e s .  S i n c e  t h e  

GPS-related e r r o r s  are n o t  a c c e l e r a t i o n  s e n s i t i v e * ,  the 

* 
The MTC does have a n  accelerat ion s e n s i t i v e  error compon- 
e n t .  b u t  i t  was shown  t o  be a negligible e r m r  source f o r  t h e  
a c c e l e r a t i o n  magnitudes of interest .  
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l Deorbit 
Maneuver 
(Mission OFT-1) 

TABLE 2.7-1 
COblPARISON OF ORBIT INSERTION AND DEORBIT UNEUVERS 

EVENT 
MAXIMUM 

ACCELERATION 
( ft /set*) 

O r b i t  I n s e r t i o n  
Maneuver 
(Miss ion  3B) 

1.5 

2.1 

MANEUVER 
DURATION 

(set 1 

255 

212 

p o s i t i o n  and  v e l o c i t y  e s t i m a t i o n  accu racy  is e s s e n t i a l l y  i n -  
dependent  o f  t h e  p r e s e n c e  (or  absence )  o f  OMS t h r u s t i n g .  Thus, 
t h e  o r b i t  i n s e r t i o n  and  deorbit maneuver per formance  evalua- 
t i o n s  c a n  a l s o  be used  t o  predict  GPS-aided o r b i t a l  n a v i g a t i o n  
accu racy  w i t h  two d i f f e r e n t  s e t s  of i n i t i a i  c o n d i t i o n  errors. 

Performance p r o j e c t i o n s  f o r  both GPS-aided o rb i t a l  
and  deorb i t  n a v i g a t i o n  are p r e s e n t e d  i n  t h i s  s e c t i o n .  The 
n e c e s s a r y  changes  t o  t h e  n a v i g a t i o n  f i l t e r  and t h e  t r u t h  
model f o r  deorbi t  are d i s c u s s e d  i n  S e c t i o n  2.7-1 and t h e  

per formance  estimates are p r e s e n t e d  i n  S e c t i o n  2.7-2. 

2.7.1 Leorbit Maneuver Study B a s e l i n e  

For  t h e  most p a r t ,  t h e  b a s e l i n e  used  f o r  t h e  de- 
o r b i t  s t u d y  is t h e  same as t h a t  used  f o r  t h e  a s c e n t  s t u d y .  
The p r i n c i p a l  d i f f e r e n c e s  are i n  t h e  d u r a t i o n  of t h e  mea- 
surement  s equence ,  t h e ' p a r a m e t e r  v a l u e s  i n  t h e  n a v i g a t i o n  
f i l t e r ,  and t h e  i n i t i a l  c o n d i t i o n s  (bo th  f i l t e r  and t r u t h  
model ) .  These d i f f e r e n c e s  a r e  summarized i n  t h i s  s e c t i o n .  
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'The measurement s c h e d u l e  f o r  t h e  ascent s t u d y  
spec i f ied  a t o t a l  of 24 GPS measurements a t  6 sec i n t e r v a l s  
o v e r  t h e  f i n a l  138 sec of  t h e  i n s e r t i o n  maneuver. Because 
t h e  i n i t i a l  n a v i g a t i o n  errors m i l l  g e n e r a l l y  be worse f o r  
deorbi t  t han  for  a s c e n t ,  and because t h e  n a v i g a t i o n  f i l t e r  
is s u b o p t i m a l ,  t h e  measurement s c h e d u l e  f o r  deorbi t  was ex- 
t ended  t o  36 measurements o v e r  210 sec - approx ima te ly  t h e  

d u r a t i o n  of t h e  deorbi t  maneuver. 

The i n i t i a l  c o n d i t i o n s  for  o rb i t  i n s e r t  i o n  naviga-  
t i o n  are a consequence of IMU c a l / a l i g n  and  MTU e r r o r s  pro- 
pagated th rough  a s c e n t .  By c o n t r a s t ,  t h e  i n i t i a l  c o n d i t i o n s  
f o r  deo rb i t  n a v i g a t i o n  are a f u n c t i o n  of t h e  most r e c e n t  
n a v i g a t i o n  f i x .  For t h e  deorb i t  s t u d y ,  t h e  i n i t i a l  p o s i t i o n ,  
v e l o c i t y  and a l ignment  errors assumed f o r  t h e  t r u t h  model 
are t h e  same a s  those used  for  e n t r y  i n  Chap te r  4 ( R e f .  4 7 ) .  

These errors co r re spond  t o  a n  IMU a l ignmen t  w i t h  t h e  onboard 
s t a r  tracker and a n  uploaded n a v i g a t i o n  f i x ,  both t w o  h o u r s  
p r i o r  t o  t h e  deorbi t  maneuver,  and t h e n  open loop p r o p a g a t i o n  
t o  t h e  t i m e  of t h e  maneuver.  The r e s u l t i n g  n a v i g a t i o n  errors 
are p r i m a r i l y  i n - p l a n e  e r r o r s  - approx ima te ly  12,000 f t  and 
13 f p s  rss. The misa l ignmen t s  are  285 s$c p e r  a x i s .  

The  ? T U  i n i t i a l  c o n d i t i o n s  assume an a c c u r a t e  
ca l ibra t ion  a t  t h e  t i m e  of  t h e  startracker a l ignmen t  and 
subsequen t  open loop  p r o p a g a t i o n .  The c a l i b r a t i o n  errors as- 
sumed are t h o s e  e x i s t i n g  a t  o r b i t  i n s e r t i o n  f o r  t h e  GPS- 
a ided  ascent s t u d y  ( T a b l e  2.5-1). A t  t h e  time of t h e  d e o r b i t  
maneuver, t h e  r e s u l t i n g  MTU errors are 1129 f t  i n  phase  and 
0 . 2 5  f p s  i n  phase  r a t e .  

The i n i t i a l  f i l t e r  c o v a r i a n c e  m a t r i x  a n d  t h e  f i l t e r  

pa rame te r  values a re  shown i n  Table  2.7-2. T h e  c o v a r i a n c e  
i s  d i a g o n a l  excep t  for  c o r r e l a t i o n s  between downrange a n d  
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TABLE 2 . i - 2  

NAVIGATION FILTER INITIAL CONDITIONS 

Stste 
no. - 
1 
2 
3 
4 
5 
6 
7 
8 
e 

10 
11 

2 Posltlon Error 
x velocity Error 
Y Velocity Error 
2 Paloclty Error 
X Platform Yisallgnment 
Y Platform Kisallgament 
2 Platform Misalignment 
Receiver Clock Phase Error 

, 

r a d i a l  errors*. 
t h e  f i l t e r  d a t a  b a s e  is t h e  same as t h a t  used i n  Chapter  4 .  

These v a l u e s  are somewhat p e s s i m i s t i c  r e l a t i v e  t o  t h e  t r u t h  
model e r r o r s ,  p a r t i c u l a r l y  i n  c r o s s r a n g e  p o s i t i o n  and ve lo -  
c i t y ,  i n  o r d e r  t o  account  for t h e  e f f e c t  of unmodeled e r r o r s .  
When coupled  w i t h  seasurement  unde rwe igh t ing ,  t h e  n e t  effect 
of t h i s  pessimism is t o  r e q u i r e  a l o n g e r  measurement sequence 
t h a n  would be r e q u i r e d  i f  a more o p t i m i s t i c  i n i t i a l  f i l t e r  

c o v a r i a n c e  were s e l e c t e d .  

Except f o r  t h e  a d d i t i o n  of t h e  c l o c k  e r r o r s ,  

2.7.2 Performance P r o j e c t i o n s  

The e r r o r  budget i n  S e c t i o n  2.5 i n d i c a t e d  t h a t  p o s i -  
t i o n  and v e l o c i t y  e r r o r s  f o r  GPS-aided n a v i g a t i o n  were due 
a lmost  exc l u s i v e l  y t o  : 

*Downrange a n d  r a d i a l  n a v i g a t i o n  e r r o r s  w i l l  be coupled d u e  
t o  t h e  e f f e c t  of o r b i t a l  dynamics - a downrange v e l o c i t y  
error a t  o r b - i t a 1  p e r i g e e  w i l l  g e n e r a t e  a r a d i a l  p o s i t i o n  
error at  o r b i t a l  apogee ,  e t c .  The  f i l t e r  a c c o u n t s  f o r  t h i s  
e f f e c t  by assuming -1 c o r r e l a t i o n s  between downrange ve loc-  
i t y  and v e r t i c a l  p o s i t i o n  and between downrange p o s i t i o n  and 
ver t i t - . , a l  v e l o c i t y .  
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0 measurement n o i s e  

0 blTU errors 

a GPS s a t e l l i t e  errors 

In a d d i t i o n ,  i f  " i n i t i a l  c o n d i t i o n s "  are r e d e f i n e d  t o  mean 
t h e  p o s i t i o n ,  v e l o c i t y  and  misa l ignment  errors a t  t h e  begin-  
n i n g  of t h e  measurement s equence ,  i n c l u d i n g  t h e  effect  of IMU 
errors up t o  t h a t  t i m e ,  t h e n  t h e  misa l ignmect  errors a t  o rb i t  
i n s e r t i o n  are dominated by:  

e i n i t i a l  c o n d i t i o n s  

Because of t h e  degree t o  w h i c h  t h e y  dominate  t h e  a s c e n t  s t u d y  
r e s u l t s ,  these f o u r  error g roups  are s u f f i c i e n t  t o  character- 
ize  n a v i g a t i o n  per formance  fo r  t h e  o rb i t a l  and deorbit  navi -  
g a t i o n  s t u d i e s .  The per formance  p r o j e c t i o n s  summarized i n  
t h i s  s e c t i o n  are based on these error g roups .  

The r e s u l t s  of t h e  deorbit s t u d y  a re  p r e s e n t e d  i n  
Table 2.7-3. Even though t h e  t r u e  i n i t i a l  errors were 
c o n s i d e r a b l y  larger t h a n  fo r  t h e  a s c e n t  s t u d y ,  and  t h e  f i l t e r  

i n i t i a l  c o v a r i a n c e  w a s  n o t  r e p r e s e n t a t i v e  of t h e  t r u e  errors, 
t h e  p o s i t i o n  and v e l o c i t y  errors a t  t h e  end of t h e  deorb i t  
measurement s equence  were v i r t u a l l y  i d e n t i c a l  t o  those a t  
o rb i t  i n s e r t i o n .  T h i s  s u g g e s t s  t h a t ,  a t  t h e  v e r y  l e a s t ,  
t h e  11-state f i l t e r  can y i e l d  good n a v i g a t i o n  per formance  
o v e r  t h e  r a n g e  of o p e r a t i n g  c o n d i t i o n s  expec ted  f o r  exoatmos- 
pheric m i s s i o n  phases .  A f u t u r e  e f f o r t  w i l l  i n v e s t i g a t e  t h e  

f i l t e r  performance d u r i n g  a tmosphe r i c  f l i g h t .  

T h e  d i s a p p o i n t i n g  aspect of t h e  d e o r b i t  r e s u l t s  
is t h e  i n a b i l i t y  t o  estimate IhIU misa l ignmen t s .  Whereas t h e  

m i s a l i g n m e n t s  were estimated t o  be t te r  t h a n  25 S ~ C  f o r  the 
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RXS 
RHS POSITION RYS VELOCITY MIS ALI CNMSNT ERRORS (f t ) ERRORS ( f p s )  ERRORS ( m c )  

DR CR R DR CR R DR DR R 

EVENT 

Begin Deorbit 11265 866 1036 1.1 0.9 12.4 285 285 285 

End Deorbit 7 0 17 0.1 0.1 0.2 283 256 257 
_1 . I 

TABLE 2.7-3 

a s c e n t  s t u d y ,  t h e r e  was minimal improvement i n  t h e  estimates 
d u r i n g  t h e  deorbi t  measurement sequence .  The p r i n c i p a l  dif: 

f e r e n c e  is t h a t  t h e  misa l ignmen t s  were h i g h l y  c o r r e l a t e d  w i t h  

t h e  p o s i t i o n  and  v e l o c i t y  errors d u r i n g  a s c e n t ,  and hence  
r e a d i l y  r e c o v e r a b l e  from r a n g e  and r a n g e - r a t e  measurements.  
By c o n t r a s t ,  t h e  n a v i g a t i o n  errors d u r i n g  o r b i t a l  o p e r a t i o n s  
are independent  of IMU misa l ignmen t s .  F v e ~  though t h e  d e o r b i t  
a c c e l e r a t i o n  w i l l  i n t r o d u c e  a small c o r r e l a t i o n  between m i s -  
a l ignment  and v e l o c i t y  e r r o r s ,  t h e  t a b l e  s u g g e s t s  t h a t  t h e  

a c c e l e r a t i o n  l e v e l  w i l l  n o t  be large enough t o  make accurate 
(60 s?c) misal ignment  estimates u n l e s s  t h e  d u r a t i o n  of t h e  

d e o r b i t  maneuver ( and  measurement s equence )  is i n c r e a s e d .  * 

Although IMC misal ignment  Er rors  a p p a r e n t l y  canno t  
be s i g n i f i c a n t l y  reduced  d u r i n g  d e o r b i t ,  i t  is p o s s i b l e  t h a t  

t h e  misa l ignmen t s  can be e s t i m a t e d  w i t h  s u f f i c i e n t  accu racy  
t o  p r o v i d e  a c o n s i s t e n c y  check of t h e  IMU a l i g n m e n t s .  T h i s  
c a p a b i l i t y  cou ld  eliminate t h e  redundancy management problem 
of d e t e c t i n g  t h e o c c u r r e n c e o f  major s h i f t s  i n  gy ro  p a r a m e t e r s  
i n  t h e  two hour s  betwee,n I?XJ a l ignment  and d e o r b i t .  A more 
thorough i n v e s t i g a t i o n  is r e q u i r e d  t o  d e t e r m i n e  t h e  perfor- 

mance c a p a b i i i t y  of s u c h  a c o n s i s t e n c y  c h e c k .  
~- ~ ~~~~ 

2 *The t r u e  acce lera t ion  l e v e l  f o r  d e o r b i t  w i l l  be somewhat  
greater  t h a n  t h a t  used f o r  t h i s  s t u d y  ( 2 . 2  v s  1 . 5  f t / s e c  ) ,  
bu t  t h i s  would not  s i g n i f i c a n t l y  improve misa l ignment  e s t i -  
m a t i o n  a c c u r a c y .  
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The p r e s e n t  b a s e l i n e  fo r  o p e r a t i o n a l  Space S h u t t l e  
m i s s i o n s  specifies t h e  T r a c k i n g  and  Data Relay S a t e l l i t e  
System (TDRSS) as t h e  p r i n c i p a l  n a v i g a t i o n  a i d  f o r  o r b i t  

d e t e r m i n a t i o n .  TDRSS c a n  p r o v i d e  b o t h  r a n g e  and  r a n g e - r a t e  
i n f o r m a t i o n ,  but i t  s u f f e r s  a number o f  o p e r a t i m a ?  d i sadvan-  
tages r e l a t i v e  t o  GPS. Because TDRSS c o n s i s t s  o f  o n l y  t w o  
satell i tes,  TDRSS/user geometry is a more impor t an t  fac tor  
i n  o rb i t  d e t e r m i n a t i o n  accu racy  t h a n  it would be for Phase  111 
GPS. A l s o ,  u t i l i z a t i o n  of o n l y  t w o  sa te l l i t es  means t h a t  
l o n g e r  measurement s equences  must be p r o c e s s e d  i n  order t o  
g e n e r a t e  a n a v i g a t i o n  s o l u t i o n .  F i n a l l y ,  o r b i t  d e t e r m i n a t i o n  
u s i n g  TDRSS requires ground p r o c e s s i n g  and  subsequen t  upload-  
i n g  of t h e  n a v i g a t i o n  s o l u t i o n .  T h i s  w i l l  t e n d  t o  d e c r e a s e  
t h e  o p e r a t i o n a l  f l e x i b i l i t y  of  TDRSS-aided n a v i g a t i o n  rela- 
t i v e  t o  a n  autonomous GPS n a v i g a t i o n  sys tem.  

T a b l e  2.7-4 compares o rb i t  d e t e r m i n a t i o n  accu racy  
f o r  TDRSS and  GPS. 
t h e  GPS performance  p r o j e c t i o n s  are based  on t h e  o r b i t  i n -  
s e r t i o n  and deorbi t  r e s u l t s  a f t e r  t w o  min of da ta  p r o c e s s i n g .  
The table c l e a r l y  implies  t h a t  GPS can p r o v i d e  s i g n i f i c a n t l y  
better n a v i g a t i o n  accu racy  t h a n  TDRSS from shor t e r  measurement 
s equences .  I n  c o n t r a s t  t o  TDRSS, which r e q u i r e s  a r e l a t i v e l y  
l o n g  t r a j e c t o r y  arc  t o  estimate o r b i t a l  parameters ( 5  e i n  was 
t h e  s h o r t e s t  a rc  c o n s i d e r e d  i n  Ref .  15), GPS c o u l d  a t t a i n  t h e  
i n d i c a t e d  accu racy  w i t h  o n l y  a f e w  seconds  of data i f  t h e  
n a v i g a t i o n  f i l t e r  were s u i t a b l y  o p t i m i z e d .  

The TDRSS data w a s  t a k e n  from Ref .  15;* 

*The error a n a l y s i s  p r e s e n t e d  i n  R e f .  15 c o n s i d e r e d  o n l y  re- 
c e i v e r  n o i s e .  I t  d i d  n o t  c o n s i d e r  t h e  e f f ec t s  of r e c e i v e r  
o s c i l l a t o r  i n s t a b i l i t y ,  u s e r  dynamics,  e t c .  A s  a consequence ,  
t h e  r e s u l t s  i n  R e f .  15 are perhaps  o v e r l y  o p t i m i s t i c .  
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TABLE 2.7-4 
PROJECTED ORBIT DETERMINATION ACCURACIES FOR 

TDRSS AND GPS 

NAVIGATION 
AID 

~~ 

TDRSS 

GPS 

LENGTH OF 
MEASUREMENT 

SEQUENCE 
( w i n  ) 

5 

2 

RSS POSITION 
ERRORS (ft) 

*See footnote on previous page. 

RSS VELOCITY 
ERRORS ( f p s )  

~ ~~ 

Not Specified 

0.2 

2 - 4 4  
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3 .  CALIBRATION AND ALIGNlENT COVARIANCE ANALYSIS 

The performance analysis for the Space Shuttle cali- 
bration and alignment algorithm is being conducted in two 
pnases. The first phase, completed in the previous contract 
period (Ref. l), used monte carlo techniques t o  generate an 
overall performance projection for the Approach and Landing 
Test (ALT) algorithm (Ref. 51) and-to identify potential risk 
areas. The second phase, currently in progress, uses corari- 
ance analysis techniques to develop a detailed error budget 
for the Orbital Flight Test (OFT) algorithm (Ref. 18) and to 
identify the major error mechanisms which limit calibration 
and alignment performance. For those error parameters for 
which the algorithm cannot provide the required calibration 
accuracy, the results of this phase will provide a clear in- 
dication as to the modifications which must be made in order 
to achieve the desired performance. 

An overview of the calibration and alignment mechani- 
zation for OFT is presented in Section 3.1. Section 3.2 ;on- 
tains a general description of the mathematical structure 
used in the covariance simulations and Section 3 . 3  summarizes 
the truth model states and error soclrces used in t h e  covari- 
ance analysis. A partial error budget for the cal/align 
software is presented in Section 3.4. 

3.1 CALIBRATIOK AND ALIGNMENT OVERVIEW 

The calibration and alignment of the Space  Shuttle 
inertial measurement units ( I M C s )  consists r ) f  two parts: 
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the hangar calibration and the preflight calibration and 
alignment. The hangar calibration will be performed in a 
low-vibration environment within 5 to 14* days prior to 
launch, and will have a total duration of 8.6* hr . 
flight calibration and alignment will be initiated at the 
launch pad within 3 to 15 hr before launch, and will have 
a total duration of 2 . 8  hr. The calibration and alignment 
schedule during both the hangar and the preflight mission 
phases is illustrated in Fig. 3.1-1. 

* 
The pre- 

* * 
* 

The cal/align procedure consists of steering the 
platform tc a series of discrete positions at which torquing 
rates are applied to compensate for earth rate, and in some 
cases "excess" rktes are applied to torque the platform 
through a prescribed trajectory relative to a local vertical 
(North, West, Up) coordinate system. At each of these posi- 
tions, the accelerometer outputs (in a few cases also the 
resolver outputs) are sampled and a least squares fit (LSF) 
filter is used to estimate the acceleration alDng the up axis 
and the platform tilts and tilt rates about the north and 
west axes. Once the data (vertical accelerations, tilts and 
tilt rates from the various positions) necessary to evaluate 
the required IMU error parameters has been collected, these 
are computed and the compensation paraxeters are updated. 
Between discrete positions, the platform is slewed at a high 
rate and no data is collected during this motion. 

The cal/align mechanization comprises six different 
sequences. Each of these consists of several positions and 
is used for the calibration, alignment or verification 0 1  

several IMV errors as'outlined in Table 3.1-1. 

*These times are approximate and subject to modification. 
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CAUALIGN SEQUENCES 

1. HANGAR CALIBRATION 
0.6 

INITIALIZATION. WARMUP 
COARSE ALIGNMENT 

HANGAR CAL A 
HANGAR CAI. B 
HANGAR CAL C 

I I .  PREFLIGHT CALIBRATION 

INITIALIZATION, WARM-UP 
C O A R I  ALIGNMENT 

PREFLIGMT CAI. A 

111. PREFLIGHT ALIGNMENT 

GVROCOMPA6SING 
VELOCITY. TILT INltlALI2ATK)N 

1 2 3 4 6 6 7  e Q 

5.5 --- 1.36 
-D 

n 

Figure 3.1-1 

S16 MOURS 
BEFORE U U N M  

Calibration and Alignment Schedule 

TABLE 3.1-1 
ERRORS CONSIDERED DURING THE CAL/ALIGN PHASE 

A?cel. Bzas High Ga:c 
Accei. S c a l e  Factor I i igh  Gain 
A c ~ i l .  bias Lox C i i L  
Accoi. Scnle Facror LOW Cain 
Gyro Eirs k i f :  Rare 
Gyro Mass Lr.oa;ance 
dccel. kayzmetrp 
k c c e :  . :;oni,rthogonality 
Gyrc Tcrc-rr  Scale Factor 
Eyrs X:s&iig2r.er.: 
Resclver 0f:SeK 
G x b a  1 S 3 20 r t r.cgo G a 1 i t y 
Acce; aza C:,,rc to Platform 

Xi sh 1 igmerit s 
Relative Cluster Attitude 
Tilt Xisallgments 
Az1zu:h Yisaligcment 

Errors 

3 1 
3 i 
3 * 
3 3 
3 3 
5 1 
3 1 
3 i 
3 1 
6 * 

4 
5 5 
5 

Sey: I - Cczp-re and calicrare 
2 - Cc-pute ar.d, if ccmacded, calibrate 
3 - Coz2;te and stcrr 
4 - Cocpute ana check f o r  rea6onat:eness 
5 - Cocpute and align 
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3.2 COVARIANCE ANALYSIS PRObRAM DESCRIPTION 

3.2.1 Program Overview 

The structure of the covariance analysis program is 
the same as for the OFT IMU software. The program is orga- 
nized into seven separate sequences with an executive program 
which defines the interface between those sequences (Fig. 3.2-1). 
The input to the Coarse Alignment sequence is a data file 
which defines the IMU status (values for all error coefficients, 
gyro torquing ratds, etc.), a priori calibration and alignment 
estimates, and the transformation matrices between the plat- 
form coordinate system and the vehicle-, earth- and inertially- 
fixed coordinate avstems. The output of the Coarse Alignment 
sequence is a new data file updated by the Coarse Alignment 
estimates. This file is then the input to Hangar Cal A and 
so on. 

The program preserves the correlation between esti- 
mation errors in different sequences and has the capability 
of simulating a complete calibration and alignment procedure 

i EXECUTIVE I 

VLLOCltV 
COARSE HANGAR HAHGAR WANCAR PREFLIQMT GYROCOMPASS AND TILT 

ALIGNMENT CaL A t l \L  B C A L  c CAL A INITIALIZATION 

la05 hnl 15.6 hm) (1.38 nnl 11.22 h d  11 72 hnl to6 nni 10.1 N1) , 

Figure 3.2-1 Structure of Covariance Simulation 
for Performance Analysis 

3-4 REPRODUCIBILITY OF THE 
ORIOINAL PAGE IS POOR 
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from beg inn ing  t o  end .  A l t e r n a t i v e l y ,  t h e  i n i t i a l  c o n d i t i o n  
data fo r  any sequence  can be used ( and  modified if desired)  
fo r  per forming  s p e c i a l  s t u d i e s  f o r  a g i v e n  sequence .  

3.2.2 State and Covar i ance  E q u a t i o n s  

The LSF f i l t e r  used  i n  t h e  c a l / a l i g n  software is a 

r e c u r s i v e  f i l t e r ,  i . e . ,  t h e  t i l t  and tilt  ra te  estimates 
g e n e r a t e d  a t  a p a r t i c u l a r  time are  a f u n c t i o ,  o n l y  of t h e  
c u r r e n t  accelerometer o u t p u t s  and t h e  estimates generated a t  
t h e  p r e v i o u s  time. T h i s  r e c u r s i v e  p r o p e r t y  p e r m i t s  t h e  es t i -  
ma t ion  p r o c e d u r e  t o  be modeled a s  a ( s u b o p t i m a l )  s t a t e  es t i -  
mator fo r  t h e  I M U  e r r o r  parameters based on a l i nea r i zed  model 
of t h e  s y s t e m  dynamics.  Because of t h e  f a c t  t h a t  t h e  IMU 
paramete r  estimates are upda ted  o n l y  a t  t h e  end of each ca l /  
a l i g n  sequence ,  however,  it is  necessary t o  i n t r o d u c e  t e m -  
p o r a r y  s t o r a g e  s ta tes  i n t o  t h e  f i l t e r  e q u a t i o n s .  The  form of 
these e q u a t i o n s  and t t  approach  used  i n  t h e  program t o  gen- 
erate t h e  accompanying c o v a r i a n c e  e q u a t i o n s  a re  d i s c u s s e d  i n  
t h i s  s e c t i o n .  

The s t a t e  and c o v a r i a n c e  error e q u a t i o n s  a r e  sum- 
marized i n  Table 3.2-1. Equa t ion  (3.2-1) found i n  t h e  t ab le  
models t h e  error p r o p a g a t i o n  for  t h e  l i nea r i zed  IMU s y s t e m .  
The e q u a t i o n  r e p r e s e n t s  t h e  fundamenta l  o p e r a t i o n a l  mode o f  
t h e  IMC i n c l u d i n g  i t s  a s s o c i a t e d  s o f t w a r e  d u r i n g  t h e  hangar 
and p r e f l i g h t  phases  ( t h e  Ground Operation Sequence ,  R e f .  IS). 
The s t a t e  v e c t o r  - x is composed of th ree  p a r t s :  

x - t h e  least  s q u a r e s  f i t  (LSF) f i l t e r  s t a t e s  -’ used t o ’ e s t i m a t e  t h e  p l a t f o r m  a c c e l e r a t i o n s  
( t i l t s )  and a c c e l e r a t i o n  r a t e s  ( t i l t  r a t e s )  
b y  measur ing  t h e  p l a t f o r m  1 . e loc i ty  o u t p u t s ,  
a n d / o r  t o  e s t i m a t e  t h e  p l a t f o r m  a t ? i t u d e  and  
a t t i t u d e  r a t e  b y  measur ing  t h e  gimbal  a n g l e s .  
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x+ = L 5- (3.2-3) I -  

TABLE 3.2-1 
SYSTEM AND COVARIANCE ERROR EQUATION SUMMARY 

P* L P- LT 

ESTIMATE TILTS DRIFTS . F + E (3.2-1) - r p + p FT + Q ( 3 . 2 - 2 )  
PltOPAGATt 1 MU EIIIIORS 

1 E* D 5- ( 3 . 2 - 7 ;  UPDATE I MU PARAMETERS 
RCSE'J' STOIUCL' STATES 

TORQUE OUT TILTS 
RESET FILTER 

P* - D P- DT (3 .2 -F . )  

( 3 . 2 - 4  ) 

( 3 . 2 - 5 )  P+ - c P- CT (3.2-6) I STOItE EST1 MATES 
RESIT FILTER 

where t h e  v e c t o r s  arc d e f i n e d  by 

k e a s u r e m e n t  

and t h e  matrices are g i v e n  by 

ERROR COYARI AXCE NOISE COVAIiIANCE IN![' I W X A Y I C S  

x - t h e  dummy or  s torage s t a t e s ,  used  t o  store -2 some of t h e  f i l t e r  e s t i m a t e s ,  r;i, which 
are  r e q u i r e d  t o  upda te  IMU error parameters 
a t  t h e  p r e s e n t  or a t  a f u t u r e  time. 

x - t h e  s y s t e m  s t a t e s ,  i n c l u d i n g  t h e  p l a t f o r m  -3 v e l o c i t y  errors,  misa l ignmen t s  and  a l l  I M '  
error  s t a t e s  be ing  c o n s i d e r e d  i n  t h e  p r e s e n t  
c a l l a l i g n  e v a l u a t i o n .  
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Equat ion  (3.2-1) is d r i v e n  by w h i t e  process n o i s e  r e p r e -  
sented by t h e  v e c t o r  w. The components of w are r e s o l v e r  
measurement error w1 and t h e  I N  process n o i s e  w3. There  
arc no errors associated w i t h  t h e  t r a n s f e r  of f i l t e r  states 
x i n t o  storage s ta tes  x2. The propagation o f  t h e  s t a t i s t i c s  -1 
associated w i t h  t h e  s t a t e  v e c t o r  - x is governed by Eq. (3.2-2). 
The de t a i l s  about t h e  e l e m e n t s  i n  F3 and €I are g i v e n  i n  
Appendix B of Ref.  7 .  

ars g iven  i n  Appendix D of Ref. 1 and i n  Appendix B of t h i s  

r e p o r t ,  and about  Q and P ( 0 )  i n  S e c t i o n  3.3.2 of t h i s  report. 

- - 

Detai ls  abou t  IC, L3, C2,  D2 and D3 

A t  t h e  end of each e s t i m a t i o n  p e r i o d  some of t h e  

f i l t e r  estimates x1 are s tored  i n  t h e  temporary memory states 
x and ,  s i m u l t a n e o u s l y ,  t h e  f i l t e r  states are reset t o  zero. -2 
T h i s  s t o r a g e  and reset is r e p r e s e n t e d  by E q s .  (3.2-5) and 
(3.2-6) .  Depending on t h e  p a r t i c u l a r  point i n  t h e  c a l j a i i g n  
p r o c e s s ,  t h e  n e x t  s t e p  w i i l  be one  of t h e  f o l l o w i n g :  

a Updat? one  o r  more of t h e  IhW errors, x3, 
u s i n g  ;ne or more of t h e  estimates stored 
i n  5 2 ,  and reset t h e  storage states i n  52 
which are n o t  r e q u i r e d  f o r  f u t u r e  IMU error 
u p d a t e s .  T h i s  s t e p  is r e p r e s e n t e d  by Eqs. 
(3.2-7) and (3.2-8). 

0 Rotate t h e  platform abou t  t h e  h o r i z o n t a l  
a x e s  by a n  amount e q u a l  and o p p o s i t e  t o  t h e  
f i l t e r  estimates of t h e  platform m i s a l i g n -  
m e n t s  from l e v e l .  T h i s  s i e p  is r e p r e s e n t e d  
by E q s .  (3.2-3) and (3.2-4). 

a I n i t i a t e  t h e  nex t  estimation of platform 
t i l ts  and d r i f t s  and IMU error p r o p a g a t i o n ,  
as  described above and r e p r e s e n t e d  by Eqs. 
(3.2-1) and (3.2-2). 

T h e  c a l l a l i g n  eva luh t io r .  n,rformed by TASC is based 

c,n computat ion of t h e  dova r i ance  Eqs. (3.2-2), ( 3 . 2 - 4 ) ,  

(3.2-6) and (3.2-8). Since  t h e  co r re spond ing  s ta te  Eqs. 
(3.2-l), (3.2-3), (3.2-5) and (3.2-7) are a l l  l i n e a r ,  i t  is 
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possible to initialize the matrices P and Q with only those 
error sources of interest at a particular time and to obtain, 
at the end of the run, the sensitivity of the cal/align pro- 
cess to that particular error source or group of errors. 

3 . 3  TRUTH MODEL DESCRIPTION 

Generation of an error budget for the cal/align * software requires that a "truth model" describing the real 
world error sources for the cal/align process be defined. 
The description must include a complete list of states and 
error sources, and a data base. The truth model to be used 
to evaluate the Space Shuttle cal/align soitware is presented 
in this section. 

3.3.1 States and Error Sources 

The truth model states and error sources used in 
evaluating the IMU cal/align mechanization are listed in 
Table 3.3-1, which divides them into three major categories: 

0 Category I - Platform misalignments and 
calibrated IMU error states 

0 Category I1 - Noncalibrated IMU error states 

0 Category I11 - Random and quantization errors 

These three categories contain the error sources 
which will be used to generate the baseline error budget. 
The first category corresponds to the platform misalignments 

*The "truth model" is a mathematical model of all potentially 
significant error sources and the way they affect the cal/ 
align performance in the real world. 
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TABLE 3.3-1 
IMU TRLTH MODEL STATES AM) ERROR SOURCES 

I. PUTFOR\! UJSALIGXLICItTS 
AVD CALIBUATED ERRORS 

1.  
2.  
3. 
4 .  

5. 
6. 
7.  
8.  
9. 

10. 
11 
12. 
13. 

Platform Uisalignments 
Gyro Bias Drifts 
Gyro Uass Unhnlaaces 
Gyro Torquer Scale Factors 
Gyro. Misalignments 
Accel. Biases - Lop Gain 
Accel. Scale Factor6 - Lor Gain 
Accel . Biases - High Gain 
Aecel. Scale Factors - Bigh Gain 
Accel Scale Factor Asymmetries 
Aecel. Noaorthogonalitics 
Accel. and Gyro Eisalkgoments 
Resolver Offsets. Gimbal 
lonorthogoaal ities 

11. NONCALIDMTm Ildc ERRORS 

14. Gyro Anisoelasticities 

15.  

16. 
17. 
16. 
19. 
20. 
21. 
22. 

Gyro Output Axis Uass UnbalMCeS 
Gyro Heading Sensitive Drifts 
Gyro Them1 Transient Drift 
Accel. Nonlinearities - 20d Order 
Accel. Nonlinearities - grd Order 
Accel. Hfadirig Sensitive Bfaseb 
Acccl. Headlnc Sensitive Scale Factors 
Outer Rcll Off set and Misalignments 

111. RANDOE Ah9 QFA?TIZATIOB ERRORS 

24. Svro Randmness nnd Quantization 
25. Accel. Randomness and Quantization 
26. Rrsolver Randomnc.ss and Quantizntlm 
27. Vrhiclc Ilotaons 

TOTAIS 

hTUt3ER 
OF 

STATES 

3 
3 
5 
3 
6 
3 
3 
3 
3 
3 
3 
2 

4 

11 

2 

3 
3 
3 
3 
3 
3 
3 

24 

3 

7 

115 

NVWREII 
OF E9ROI; 
SOUPCLS 

0 
3 
5 
3 
6 
3 
3 
3 
3 
3 
3 
2 

6 

11 

2 
3 
3 
6 
3 
3 
3 
3 

24 

6 
6 
7 
2 

124 

DFX.Y.2 
D1X.I. .nsx . z .1m 

E 3 X . T . Z  

8xi .Xz. .  . . . Z Y  

KOX , I' .Z 
K1X.S.Z 
KOilS, Y .Z 
61HX.I .Z 
KSX.Y.7. 

DELTYP, ZX,  Xi 
M E .  UTL 

IRO.PO.AZO,PP,a.,b 

and those IMU error sources which are calibrated during one 
or more calib-ation sequences. Category I1 corresponds to 
additional IMU error sources which are not estimated or c a l i -  
brated during either the hangar or the preflight calibrations. 
Category I11 contains those states which are driven by random 
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errors, including instrument randomness, quantization effects 
and vehicle motions induced by wind gusts. 

All error source categories are divided into smaller 
sets, each of which is associated with a group number. These 
group numbers were quite useful in defining the detailed truth 
model equations in Appendix B of Ref. 7 .  In addition, each 
line of the error budget that will be generated in this study 
will correspond to the contribution from all error sources in 
one particular group rather than each error taken one at a 
time. This simplifies the error budget table and places the 
various error source groups in better perspective. 

3.3.2 Truth Model Data Base 

Generation of a detailed error budget requires the 
numerical values for all truth mod.81 er- r sources. Two sets 
of errors must be specified: the initial calibration error 
(instrument error minus software compensation term) at the 
beginning of the hangar calibration phase, and the changes 
of the instrument errors during the time elapsed between the 
hangar calibration and the preflight calibration due to the 
turn-off turn-on errors. This data is summarized in Tables 
3.3-2 and 3.3-3. 

The numerical values described above are required to 
construct F, P and Q in Eq. (3.2-2). The specific elements 
of F, P and Q which must be assigned are: 

P33(0) - the initial IMC error covariance matrix 

P33(1) - the IMU turn-off turn-on instability 
error covariance matrix 

Q,, - the process noise covariance matrix 

3-10 
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L'Irlt6 

TABLE 3 .3-2  

IMU TRUTH MODEL DATA BASE FOR CALIBRATED ERRORS 

At Beginning 
of Hangar C a l  

Error Source Name 
and 

Group Sumber 

160 

0 

10 

i o  
20 

0 

2. Gyro Bias Drifts 

3. Gyro Uass L'abalhnces: 
Input his  Acceleration 
Spin Axis Acceleration 
Output Axis Acceleration 

4. Gyro Torquer Scale Factors 

5. Gyro Uisalignments 

6. Accel. Biases - Loa Gain: 
X.Y 
2 

7. Accel. Scale Factors - Low Gain 

8. Accel. Biases - nigh Gain: 
X . Y  
2 

9. Accel. Scale Factors - High Gain 

10. Accel. Scale Factor Asymmetries 

11. Accel. lonorthogonalities 

12. Accel. and Gyro Misalignments 

13. Resolver Offsets I Gimbal Sonorthogonalities 

Ref. 22 

Re:. 22 

Ref. 1 

Ref. 1 

Ref. 22 
Ref. 22 

sz+3ec/p 
s s  I sec Ig 
sic!sec/g 

SGC 

Ppm 

w 
UR 

PPm 

P P  

see 

h sec 
S T C  

0.035 

0.3 
0.02 
0.025 

400 

120 

100 
200 

200 

100 
200 

200 

20t 

60 

60 

2 00 
60 

T-0042 

,t ion 

0.016 

0.015 

0.005 

0.01 

100 

15 

50 
50 

100 

Ref. 1 

Ref. 1 
Ref. 22 
Ref. 22 

9ef. 1 

Ref. 1 

Ref. 1 
Ref. 1 

Ref. 22 

Ref. 1 
Ref. 1 

- the IMU truth model error dynamics matrix F33 
RI1 - the measurement error covariance matrix 

Elements of P33, Q33 and F33 are normally chosen together to 
define random processes with desired properties. For instance, 
a first-order markov process (exponentially correlated random 
process) is modeled with a specified rms value, u i ,  and cor- 
relation time, T 
matrix elements are: 

In this case the relevant truth model i' 

2 = a .  p 3 3 . .  1 1  1 
(3.3-1) 
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TABLE 3.3-3 
IMU TRUTH MODEL DATA BASE FOR NONCALIBRATED ERRORS 

7-0043 

Error Source Name 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

16. 

27 

Gyro Anisoclasticities: 
Input-Input Anisoel. Drift 
Spin-Spin Anisoel. Drift 
Input-Spin Anisoel. Drift 
Output-Spin Anisoel. Drift 
Input-Output Anisorl. Drift 

Gyro Output Axis Pass Unbalances 

Gyro Heading Sensitive Drift 

Gyro Thermal Transient Drift 

Accel. Nonlioearities: 
Znd Order 
Product Nonlinearity 

Accel. Nonlinerrities - 3rd Order 
Accel. Attitude Sensitive Biases 

Acccl. Attitude Sensitive Scale Factorr 

Outer Roll Offset and Xisalignments 

Resolver Harmonics. 
1st Harmonic 
Sth Harmonic 
9th Harmonic 
16th Harmonic 

Gyro Randomness 

Accel. Output Noisc 
Velocity Quantizat:on - Low Cain 
Velccity Quantization - .HiEh G ~ I R  

Resolver Output Xoisr 
Resolver Quantization 

VrhicIc Motions 

~ 

Units Standard 
Deviation 

0.005 
0.005 
0.025 
0.025 
0.005 

0.005 

0.005 (2) 

0.0064 e' 

15  
10 

5 

10 (2) 

15 ( 2 )  

200 

7.6(2) 
19 0 ( 2 )  

4 . 2  (2) 
20.0 

0.0001 

5 
o on03 
0.00003 

12 
5 6  

SPC tF-Xt  

Data 
Source 

Ref .  22 
Ref. 22 
Ref. 22 
Ref. 22 
Ref. 22 

Ref. 22 

Ref. 22 
Ref. 22 

Ref. 22 
Ref. 22 

Ref. 22 

Ref. 1 

H C f .  3 ~ 

Ref. 1 

Ref. 22 
Ref. 22 
Ref. 22 
Ref. 22 

See text 

Ref. 22 
See t - x t  

See t c x t  

Scr tent 
See text 

Src text 

(1) t = second\ after cmplrtinl; t h e  3@ s r r o n d  d l r i t . : i  r o r q u i n C  fullouln~ :I p:at:orm 

(2) Stazdard do'::at;on of !!~~..inc.. a!!?l?fudo.  

s l ra .  

= -l/Ti 
F33 ii 

= 2 0 i / T i  2 
Q33. 

ii 

( 3 . 3 - 2 )  

( 3 . 3 - 3 )  
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A constant error source can be considered a special case of 
the above with T~ = and F = 0. 33; ; 

The gyro randomness error assumes a random walk 
model with a growth rate of 32 x 10-6(deg/hr)2/hr. 
ance corresponds to a standard deviation of 0.0001 s%c/sec 
as given in Table 3.3-3. 

This vari- 
3/2 

The velocity quantization error with the acceler- 
ometers operating in the low gain mode is determined as follows 

One AV pulse = 0.0343 fps  (3.3-4) 

Assuming that each AI’ pulse count has a random error selected 
from a uniform distribution ranging from -0.0172 f p s  to 
+0.0172 fps, and one such error is introduced every 0.32 sec 
computational cycle*, the error variance is 

= ( 0.0343)2/12/0. 32 (3.3-5) Q39ii 

= 0.0003 Ups) 2 /set (3.3-6) 

The quantization level for the resolvers is 20 s?c. 

Because dithering rates are applied to all axes along which 
successive resolver measurements are made, this quantization 
error may be represented as an uncorrelated measurement noise 
of 

(3.3-7) 2 2 %lii = (20) j 1 2  = 33.3 ( s i c )  

The vehicle motions model was specified in detail in 
Ref. 1. The equivalent state space representation of this 
effect is 
*NASA is presently considering a longer computational cycle. 

I f  a change is made, the quantization models must be changed 
accordingly. 
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(3.3-8) 

where 

rNorth wind velocity 1 
x = IWest wind velocity -w 

Lwest wind acceleration J 

I North INU displacement 
North IhN velocity 
West IMU displacement 
West IMIT tclocity 

11, = [ 
N is a white, gaussian random process and A ,  B, C and K are 
defined in Ref. 1. 

In the OFT launch configuration, the vertical IMU 
velocity is caused mainly by the vehicle sway motion. Assum- 
ing that this motion is primarily along the vehicle yaw direc- 
tion, then the vertical IMU velocity can be modeled as being 
proportional to the corresponding horizontal motion. The IMU 
velocity then becomes a measurement error source for the LSF 
filter since the filter uses successive velocity measurements 
to derive IMU accelerations and acceleration rates. 

3.4 PARTIAL ERROR BUDGET FC)R CALIBSATIOK AND ALIG?!!IENT 

The covariance analysis program for the IMU cal/align 
software was developed and checked out during this contract 
period; however, generation of a detailed error budget is part 
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of a planned future effort. During the program checkout 
process, error budget contributions for a number of spe- 
cific error groups were computed. The ptrrpose for these 
runs was twofold: (1) to illustrate the type of results 
which can be obtained via covariance analysis, and (2) to 
improve understanding of the relative importance of certain 
major error sources. An example of the results obtained 
is presented in this section. 

Detailed error budgets showing the rms contribu- 
tion to all hangar and preflight calibrated parameters 
from two groups OP error sources - second-order acceler- 
ometer nonlinearities and resolver harmonics - were genera- 
ted at the end of each cal/align sequence. Tables 3.4-1 
and 3.4-2 summarize the results from the hangar calibra- 
tion and the preflight calibration, respectively; where 
the former includes Hangar Coarse Alignment, Hangar Cal A 

2nd Hangar Cal B, and the latter Preflight Coarse Align- 
ment and Preflight Cal A .  Each entry in these tables 
represents the rms contribution of the error source group 
indicated at the top to the calibrated parameters speci- 
fied in the left-hand column. As a comparison, the contri- 
bution from - all error source groups combined, as obtained 
from the monte carlo simulations reported in Ref. 1, are 
also shown. 

As is apparent from Tables 3.4-1 and 3.4-2, the 
second-order accelerometer nonlinearities are significant 
contributors to the calibration errors of accelerometer 
bias and scale factor asymmetries. This result was to be 
expected because the calibration algorithm cannot distin- 
guish accelerometer quadratic nonlinearities from biases 
and scale factor asymmetries. These results also confirm 
the conclusions obtained from the monte carlo simulations 
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CALIBRATED PARAMETERS 

TABLE 3.4-1 
HANGAR CALIBRATION ERROR BUDGET FOR 

ERROR SOURCE GROUPS 18 AND 23 

LNTS GROUP 10 GRO'L'P 23 ALL ;ROLW 

T-0405 

3.2 
5 . 5  
0.000 a 
a 0.0 

0.0 

CALIBRATED PARAKETERS 

Level Coarse Alignment 
Azimuth Coarse Alignment 
Gyro Bias Drifts 
Gyro Mass Unbalance 

Input 4x1s 
Spin Axis 
output &is 

Gyro Torquer Scale Factors 
Gyro L'isalignments 
Accel. Biases-Low Gain 
Accel. Scale Factors-Low Gain 
Accel. Biases-High Gain 
Accel. Scale Factors-High Gain 
Accel. Scale Factor Aspnetries 
Accel. Sonorthogonalities 
Accel. and Gyro Misalignments 
Resolver Offsets, Gimbal 
Sonorthoyonulitics 

29.1 
3 7 . 5  

0.000 

0.0 
0.0 
0.0 
0.0 

Uh'ITS 

h 
sec 
sec 
n 

s G / s  

STC 1 s/g 

Ppm 
n 
sec 
ug 

ppm 
UK 

P Pm 
PPD 
STC 
n sec 

n 
S"C 

GROUP l d  

0.5 
0 .0  

0.000 

0.000 
0.000 
0.000 
8.1 
0 .0  

& 
0 . 0  

a 
0.0 
0 . 0  

0 . 0  

GROUP 23 

28.9  
28.B 
0.000 

0.000 
0.000 
0.000 

0 . 0  
0 . 0  
0 . 0 .  

0 . 0  

0 . 0  
0 . 0  

0 . 0  
0 . 0  

0 . 0  

a 

W GROUPS' 

216.0 
630.0 
0.014 

0.059 
0.020 
0.007 
62.0 
8.0 
33.0 
15.0 
43.0 
15.0 
59.0 
2.0 

18.0 

37.0 

*Based on Monte Carlo sinulations including ull rrrur groups rcpf,rtcd 
in Ref. 1 

TABLE 3.4-2 
PREFLIGET CALIBRATION ERROR BUDGET FOR 

ERROR SOURCE GP.OUPS 18 AND 23 

Level Coarse Alignment 
Azlmuth Coarse Alignment 
Gyro Bias Drift 
Accel. Biases-Loa Gain 
Accel. Scale Factors-Low Gain 
Accel. Biases-High Gain 
Accel. Scale Factors-High Gain 

n 
sec 
sec 
n 
sec/s 

ug 
PP" 

i l k i  

PP= 

A 
196.0 
5 4 6 . 0  
0.009 

47.v 
i i  .G 
5 2 . 0  
13.0 

I I I :  I I I  1 

*Based on Monte Carlo simulations using a l l  error groups reported 
in Ref. 1 
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which indicated that supplemental errors, primarily acceler- 
ometer heading sensitivities and nonlinearities, are signif- 
icant contributors. 

Table 3.4-1 shows that resolver harmonics are a 
significant contributor to the resolver offset and gimbal 
nonorthogonality calibration errors. The monte carlo 
sensitivity studies in Ref. 1 also support this conclusion. 
Tables 3.4-1 and 3.4-2 also indicate that resolver har- 
monics contribute to both Hangar and Preflight Coarse 
Alignment errors, however, these contributions are not 
significant when compared to other error sources. Another 
result exhibited by the error budgets is that the calibra- 
tion of the remaining IYU error parameters is insensitive 
to resolver harmonic errors. 

Each of the two error source groups causes larger 
coarse alignment errors during the preflight phase than 
during the hangar phase. This is so because both error 
source groups propagate into other accelerometer and 
resolver errors during hangar calibration. These errors, 
in turn, degrade the Preflight Coarse Alignment accuracy. 
This does not imply, however, that preflight coarse align- 
ment is less accurate than hangar coarse alignment. 
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4 .  ENTRY, PRELAND AND LANDIIJC NAVIGATION 

Previous TASC reports (Refs. 1 through 3 )  have eval- 
uated entry, preland and landing navigation performance for a 
number of different hardware/software configurations as 
part of NASA's development program fer the Space Shuttle 
navigation system. As a consequence of performance limita- 
tions encountered with the previous filter design, NASA has 
modified the baseline filter and the recommended filter 
parameter values in an attempt to improve navigation accu- 
racy (Refs. 45 and 47 respectively). The objective of the 
current study is to generate performance projections for 
the revised filter for the OFT-1 mission in 1979. The level 
of detail provided in this analysis should be useful for 
inferring the error mechanisms which limit navigation sys- 
tem performance for the current mechanization and for 
evaluating the impact of proposed system modifications. 

The trajectory and measurement schedule for the per- 
formance study are presented in Section 4.1 and the baseline 
filter design is reviewed in Section 4 . 2 .  Section 4 . 3  con- 
tains the truth model which defines the environment in which 
the navigation performance is evaluated. The results of the 
navigation performance analysis and performance sensitivity 
to the dominant error sources are discussed in Sections 4.4 
and 4.5 respectively. 

4.1 TRAJECTORY AND MEASUREMENT SCHEDULE 

The reference trajectory for the entry, preland and 
landing phases is the nominal trajectory for the OFT-1 mission. 

4-1 
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The OFT-1 m i s s i o n  e n t a i l s  a l aunch  from Cape Kennedy i n t o  a 
38 degree i n c l i n a t i o n  o r b i t  and a l a n d i n g  a t  Edwards Air Force  
Base. The approach pa th  is s t r a i g h t  e x c e p t  fo r  a dog-leg 
maneuver when t h e  Terminal  Area Energy Nanagement (TAEM) a l i g n -  
ment c y l i n d e r  is i n t e r c e p t e d  a t  an a l t i t u d e  o f  approx ima te ly  
28,000 f t .  F i g u r e  4.1-1 shows t h e  ground track f o r  t h e  l a s t  
segment of t h e  e n t r y  phase  and f o r  t h e  l a n d i n g  phase .  
t o t a l  elapsed t i m e  between e n t r y  i n t e r f a c e  a t  400,000 
touchdown is 1630 sec. 

The 
f t  and 

F i g u r e  4.1-1 Approach and Landing Ground Track 
f o r  OFT-1 Mission 

The OFT-1 t r a j e c t o r y  d i f f e r s  from p r e v i o u s  t r a j e c -  
tories used by TASC t o  e v a l u a t e  t h e  S h u t t l e  e n t r y  and l a n d i n g  
n a v i g a t i o n  sys tems i n  two impor t an t  r e s p e c t s  - i t  is low 
l a t i t u d e  r a t h e r  t h a n  p o l a r  and t h e  r e e n t r y  f l i g h t  p a t n  is 
much s t e e p e r .  The low l a t i t u d e  approach  w i l l  a v o i d  t h e  l a r g e  
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a tmospher i c  d e n s i t y  model ing  errors associated w i t h  p o l a r  
r e g i o n s .  Such model ing  errors c a n  s i g n i f i c a n t l y  a f f e c t  d r a g  
u p d a t e  accu racy .  On t h e  o t h e r  hand ,  t h e  s t e e p e r  f l i g h t  p a t h  
a n g l e  w i l l  y i e l d  h i g h e r  v e h i c l e  a c c e l e r a t i o n  which ,  i n  t u r n ,  
w i l l  make n a v i g a t i o n  sys tem per formance  more s e n s i t i v e  t o  
e r ror  smrces s u c h  a s  IMU misa l ignmen t s  and  accelerometer 
scale f a c t o r  errors. 

The measurement s c h e d u l e  assumed f o r  t h e  OFT-1 m i s -  
s i o n  is i n d i c a t e d  i n  T a b l e  4.1-1. P r o c e s s i n g  o f  t h e  first 
d r a g  upda te  measurement occurs a t  an  a l t i t u d e  of 282,CqO f t  

when t h e  v e h i c l e  d e c e l e r a t i o n  h a s  r eached  approx ima te ly  0.025g.  
A c q u i s i t i o n  o f  TACAN a t  145,000 f t  ends  t h e  e n t r y  n a v i g a t i o n  
p h a s e  and s i g n a l s  t h e  s t a r t  o f  p r e l a n d  n a v i g a t i o n .  Drag up- 
d a t e  measurements are p rocessed  down t o  100,000 f t ;  t h e  bar0 

al t imeter  is swi t ched  on a t  an  altit-,cle o f  85,000 f t .  MLS 
a c q u i s i t i o n  o c c u r s  a t  20,000 f t  w?.en t h e  S h u t t l e  is on t h e  

TAEM a l ignment  c y l i n d e r  and t h e  range-to-g - s  approx ima te ly  
51,000 f t .  Through t h e  e n t r y  and p r e l a n d  n a v i g a t i o n  p h a s e s  
t h e  measurements are p r o c e s s e d  a t  3.84 sec i n t e r v a l s .  

The s w i t c h  t o  t h e  l a n d i n g  n a v i g a t i o n  phase  (t=Tsw) 
o c c u r s  a t  13,5dO f t  ( approx ima te ly  12,000 f t  above t h e  S h u t t l e  
touchdown p o i n t ) ,  a t  wbich t i m e  t h e  u p d a t e  i n t e r v a l  is reduced  
t o  1.92 s e c .  F i n a l l y ,  a t  an  a l t i t u d e  of approx ima te ly  100 f t  
above t h e  runway (near t h e  runway t h r e s h o l d ) ,  t h e  MLS e l e v a -  
t i o n  measurement is  r e p l a c e d  by radar  a? timeter measurements 
a t  a n  u p d a t e  i n t e r v a l  of 3.16 sec.  

The an tenna  l o c a t i o n s  f o r  t h e  r a d i o  n a v i g a t i o n  a j d s  
a r e  g iven  i n  Table 4.1-2. The TACAN an tenna  is located 

34,320 f t  s h o r t  of t h e  nominal touchdown p o i n t  o n  t h e  runway 
c e n t e r  l i n e .  L o ( a t i o n  of t h e  TACAN an tenna  o n  t h e  S h u t t l e  
approach  p a t h  r a t h e r  t h a n  a t  t h e  f a r  end o f  the runway ( a s  
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SENSOR 

TACAN 
MLS E l e v a t i o n  
MLS Azimuth t- and DME 

TABLE 4.2-1 
KEY EVENTS FOR OFT-1 MISSION 

DOPXRAIVGE CROSSRANGE 
( f t )  ( f t )  

I 

34,320 0 
850 300 

13,800 300 

E J ~ R T  ' E n t r p  Intcriacc. To 

' A ~ ~ & l o '  i First  Drsg Yeasureen:. TORAG 

Flrs: TACAV Yeasurement, TTAcm 
Lasr Dra$ Yeastirestent 
First Bar0 Altimeter Ueasuremrot. 

:A:'IGATIOIi 1 1 Tm 
Firs: YLS Azimuth. Elevation. 0 DIE PIiASE 
IbeasureSents. Tr-2 
(So TACLY Xeasureaent ) 
(lo Bar0 Altimeter) 

Rduce Pilter Cieec,;on. T s  
Srl fch  fram 3.81 sec Update Cycle 
to 1.02 8ec Fpdate Cycle 
First Radar A:ti!Wter YeasurUnent. 

T u  (So lis Elevntioi Yeasurzmentl 
Str'tch Zrm i .92  See Update Cycle 
t C  0.16 S W  Cpd8Ke mC1e 

0 .0  
188.2 

1052.2 
1248.0 
1309.4 

1536.0 

1562.9 

1622.4 

1630.1 

1630.1 
1441.9 

577.9 
382.1 
320.7 

94.: 

67.2 

7.7 

398.837. 24295. 
282.174. 24399. 

144.780. 7391. 
103,263. 3446. 
84.257. 2447. 

20.370. 662. 

13.530.  622. 

2.387. 382. 

19.600.000. 
15.400.000. 

: ,425.000. 
47?, 000. 
282,000. 

51.000. 

35.000. 

2.700. 

0 . 0  I 2.293. 1 315. I 0. 

TABLE 4.1-2 
SENSOR LOCATIONS KITH RESPECT TO TOUCHDOWN POINT 

had been assumed i n  Ref. 3) shou ld  y i e l d  improved geometry 
d u r i n g  t h e  TAEM a l i g n m e n t  maneuver. The MLS a n t e n n a s  are 
o f f s e t  300 f t  from t h e  cen t . r  l i n e ,  approximate ly  where t h e y  
hac? been located i n  p r e v i c u s  TASC s t u d i e s .  
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4.2 NAVIGATION FILTER 

The n a v i g a t i o n  f i l t e r  f o r  t h e  e n t r y  th rough  l a n d i n g  
p h a s e s  is t h e  baseline f i l t e r  s p e c i f i e d  i n  Ref.  45*.  B e f o r e  
TSW t h e  f i l t e r  is a v a r i a b l e  dimension Kalman f i l t e r  w i t h  up 
t o  12 states. 
A s c h r l u l e  of l i l t e r  s ta tes  is p r e s e n t e d  i n  F i g .  4.2-1. 

A f t e r  TSW it  is a 6 s t a t e  complementary f i l t e r .  

Implementat ion o f  t h e  f i l t e r  c o v a r i a n c e  e q u a t i o n s  
is d e t a i l e d  i n  Ref s .  1 and 3. The data  base f o r  t h e  f i l t e r  
i n c l u d e s  an i n i t i a l  c o v a r i a n c e  m a t r i x  and parameter v a l u e s  
a s s o c i a t e d  w i t h  each of  t h e  n a v i g a t i o n  s e n s o r s ,  i n c l u d i n g  
b o t h  t h e  correlated e r r o r  s t a t e s a n d  t h e  measurement noise.  
The i n i t i a l  c o v a r i a n c e  m a t r i x  a t  i n i t i a t i o n  of t h e  deorbi t  
burn  was prov ided  by NASA ( R e f .  47)  and assumes t h a t  t h e  
most r e c e n t  n a v i g a t i o n  f i x  and IMU a l ignment  were t w o  h o u r s  

F i g u r e  4.2-1 Schedule  f o r  E n t r y ,  P r e l a n d  and Landimp 
Phase Nav iga t ion  F i l + e r  S t a t e s  

*The n a v i g a t i o n  f i l t e r  h a s  undergone a major  r e d e s i g n  s ince  
t h i s  e f f o r t  w a s  completed.  Nav iga t ion  performance w i t h  t h e  
new f i l t e r  w i l l  be e v a l u a t e d  i n  a subsequent  r e p o r t .  
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p r i o r  t o  d e o r b i t .  T h e c o v a r i a n c e m a t r i x  is  d i a g o n a l  excep t  f o r  
c o r r e l a t i o n s  bztween downrange and c r o s s r a n g e  e r r o r s  . The 
remaining parameter  values were a l s o  provided  by NASA. The 
f i l t e r  d a t a  base  is summarized in Table  4.2-1. 

* 

? r i o r  t o  t h e  l a n d i n g  n a v i g a t i o n  phase  t h e  measure- 
ment  matrices for a l l  e x t e r n a l  n a v i g a t i o n  a i d s  are of t h e  f o m  

(4.2-1) 

where h is t h e  1x3  p a z t i a l  d e r i v a t i v e  of t h e  measurement 
w i t h  r e s p e c t  t o  t h e  n o m i n a l  p o s i t i o n  and hb is the p a r t i a l  

P 

TABLE 4.2-1 
FILTER STATE AND blEASUREMENT ERROR STATISTICS FOR 

ENTRY AKD PREL4hD NAVIGATION FILTER 
T-026’7 

Measurement 

Posit ion 
Velocity 
Misalignaents 
Drag-Altitude 
Baro Altimeter 

TACAK DME 
TACAX VOR 
MLS DME 
MLS Azimuth 
MLS Elevation 

Ueasurement I Noise Correlated Errcr Filter State 

Standard 
Deviation 

Correlat ion 
Time 
( sec 1 

Standard 
Deviation 

16,700 ft 
18.7 Ips 
4.4 mrad 
9000 ft 

443 ft + 3.5% 
of altitude 
524 ft 
29 mrad 
80 ft 
0.96 mrad 
0.96 mrad 

- 
- 
- 

5148 ft 

60-750 f t (altitude 
dependent) 
131 ft 
14 mrad 
26 ft 
0.3 mrad 
0.3 m a d  

*Downrange and r a d i a l  n a v i g a t i o n  e r r o r s  w i l l  be coupled d u e  t o  
t h e  e f f e c t  of o r b i t a l  dynamics - a downrange v e l o c i t y  e r r o r  
a t  o r b i t a l  p e r i g e e  w i l l  g e n e r a t e  a r a d i a l  p o s i t i o n  e r r o r  a t  
o r b i t a l  apogee ,  e t c .  T h e  f i l t e r  accoun t s  f o r  t h i s  e f f e c t  b y  
assuming -1 c o r r e l a t i o n s  between downrance v e l o c i t y  and v e r -  
t i c a l  p o s i t i o n  and between downranpe p o s i t i o n  and v e r t i c a l  
v e l o c i t y .  
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d e r i v a t i v e  w i t h  r e s p e c t  t o  t h e  b i a s  states.  The drag u p d a t e  
measurement is implemented a s  a p s e u d o - a l t i t u d e  measurement . 
During l a n d i n g  n a v i g a t i o n  HF is of t h e  form: 

* 

I 
h I O  (4 .2 -2)  

For a l l  e x t e r n a l  n a v i g a t i o n  a ids ,  t h e  first three e l e m e n t s  
of HF are i d e n t i c a l  t o  those of HS i n  t h e  t r u t h  model. 

The g a i n  computa t ion  algorithm i n  t h e  Kalman f i l t e r  
mode ( i - e . ,  p r i o r  t o  Tsw) i n c l u d c s  measurement u n d e r w e i g h t i n g  
i n  order t o  minimize  t h e  p o s s i b i l i t y  of f i l t e r  d i v e r g e n c e :  

IC = PH T [ U ~ ~ H F ' A ~  + FtT' (4 .2-3)  

where t h e  measurement unde rwe igh t ing  factor u is 1.2 when 
t h e  rss ( f i l t e r - i n d i c a t e d )  p o s i t i o n  error is greater t h a n  
3280 f t  and 1 . 0  otherwise.  For t h e  measurement s c h e d u l e  and 
f i l t e r  parameter v a l u e s  used  i n  t h i s  s t u d y ,  unde rwe igh t ing  
is s w i t c h e d  off (u70 is set t o  u n i t y )  a t  a p p r o x i m a t e l y  
49,000 f t .  

70 

I n  t h e  complementary f i l t e r  mode ( i . e . ,  a f ter  TsW) 
t h e  f i l t e r  c o v a r i a r c e  is n o t  computed and a l l  g a i n s  are based 

upon pre-stored g a i n  s c h e d u l e s .  I n  t h i s  mode t h e  MLS DME and 
radar altimeter g a i n s  are padloaded  c o n s t a n t s  scaled by t h e  

u p a a t e  c y c l e ,  m 3  t h e  MLS az imuth  and e l e v a t i o n  g a i n s  a r e  
padlosded c o n s t a n t s  scaled by t h e  u p d a t e  cycle 'and t h e  range- 
to-go. The g a i n s  used  fo r  t h e  s t u d y  are summarized i n  Table  
4.2-2  and are based o n  R e f .  45. 

* I n  p r e v i o u s  e f f o r t s  t h e  drag  u p d a t e  measurement was imple- 
m e n t e l  a s  a pseudo-drag measurement ( R e f s .  1 and 3 ) .  The  
measurement m a t r i x  HF i n  t h a t  case i n c l u d e d  a p a r t i a l  d e r i v a -  
t i v e  w i t h  respect t o  t h e  n o m i n a l  v e l o c i t y ,  h v ,  w h i c h  was non- 
zero. 
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TABLE 4.2-2 

LANDJNG NAVIGATION G A I N S  I N  RUNWAY COORDINATES 

*% is ranm-t--m. 6 is measurement interval (1.92 sec for YLS 
measurements, 0.16 eec for the radar altimeter measurement). 

The f i l t e r  o u t l i n e d  above h a s  been e x e r c i s e d  o v e r  t h e  
t r a j e c t o r y  and measurement s c h e d u l e  p r e s e n t e d  i n  S e c t i o n  4 .l. 

The t i m e  h i s t o r y  of t h e  f i l t e r - i n d i c a t e d  performance between 
t h e  deorbit  burn  and i n i t i a t i o n  of t h e  l a n d i n g  phase  is sum- 
marized i n  T a b l e  4.2-3 i n  t h e  form of rms v a l u e s  of p o s i t i o n  
and v e l o c i t y  errors i n  t h e  UVW coordinate frame ( v e r t i c a l ,  
downrange, c r o s s r a n g e ) .  The f i l t e r  does n o t  compute a per-  
formance measure ( c o v a r i a n c e )  d u r i n g  t h e  l a n d i n g  p h a s e .  

TABLE 4.2-3 
FILTER-INDICATED PERFORWCE 

First Drag Ue;surement 

First Tacan Ueosurements 

First Baro Aitimeter 
Uensurement - 
ULS Acquisitior 

Initiation of LanCing 
Savigaticx Phase 

1052.2' 

1305.6' 

1530.0- 

1536. 0' 

~~ ~ 

6693 2275-1 4183 

3717 1553 1 4047 

35.9 i ;;:; j 79.8 
25 .5  73.7 
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The f i l t e r - i n d i c a t e d  per formance  down t o  t h e  first 

TACAN measurement a t  1052.2 sec is c o n s i d e r a b l y  worse t h a n  
t h a t  de t e rmined  i n  R e f .  3, p r i m a r i l y  because  t h e  i n i t i a l  IFU 
misa l ignment  and c r o s s r a n g e  n a v i g a t i o n  u n c e r t a i n t i e s  are much 
more s e v e r e  t h a n  i n  t h e  p r e v i o u s  s t u d y .  T h i s  pessimism re la -  
t i v e  t o  t h e  p r e v i o u s  s t u d y  c o n t i n u e s  down t o  YLS a c q u i s i t i o n  
because  o f  larger u n c e r t a i n t i e s  assumed f o r  t h e  TACAN and 
bar0 altimeter measurements .  A t  t h e  s w i t c h  t o  l a n d i n g  naviga-  
t i o n ,  t h e  f i l t e r - i n d i c a t e d  errors are a p p r o x i m a t e l y  twice as 
large as t h o s e  i n  Ref.  3. 

4.3 ENTRY, PRELAND A?U) LANDING PHASE TRUTH MODEL 

The "real world" envi ronment  i n  which t h e  f i l t e r  is 
e v a l u a t e d  is characterized by t h e  t r u t h  model ,  i . e . ,  a mathe- 
matical model of t h e  v a r i o u s  error s o u r c e s  which o c c u r  i n  
t h e  operat i m a l  envi ronment  f o r  t h e  n a v i g a t i o n  sys t em.  The 
t r u t h  model for t h e  e n t r y  phase  is an  ex tended  v e r s i o n  of t h e  

model f i r s t  p r e s e n t e d  i n  Ref .  3. The t r u t h  model f o r  t h e  

p r e l a n d  and l a n d i n g  p h a s e s  is a m o d i f i c a t i o n  o f  t h a t  d e t a i l e d  
i n  R e f .  1. 

4.3.1 T r u t h  Hodel D e f i n i t i o n s  

The  t r u t h  model fo r  t h e  e n t r y  phase  c o n s i s t s  o f  a 
t o t a l  of  47 error s ta tes  p l u s  random errors a s s o c i a t e d  w i t h  
accelerometer q u a n t i z a t i o n  and t h e  a l t i t u d e  pseudo-measure- 
m e n t .  The error states are l i s t e d  i n  Table 4.3-1 w h i c h  g r o u p s  
t h e m  i n t o  f o u r  g e n e r a l  c a t e g o r i e s :  

e F i l t e r  s ta tes  and measurement noises  

a I blU-re l a t c d  s t a t e s  

e G r a v i t y  model errors 

e D r a g - r e l a t e d  s t a t e s  

4-9  
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TABLE 4.3-1 
ENTRY PHASE TRUTH MODEL STATES AND ERROR SOURCES 

ERROR SOURCE 

I. FILTER STATES AhP MEASURE!fENT NOISES 

1. Position Errors 
Velocity Errcrs 
Platform Misalignments 
Correlated Lfeasurement Errors 

Uncorrelated Measurement Noise 
.Altitude 

A 1  t i tude 
INS Quantization Noise 

11. ILN ERRORS 

Accelerometer 
2. Biases 
3. Scale Factors 
4. Asymmetries 
5. Non-orthogonalities 

7. Bias Drifts 
8. Mass Unbalances 

Gyro 

111. GRAVITY MODEL ERR3RS 

6. Gravitational Deflections 
and Anomalies 

IV. NON-ESTILIATED, DRAG-RELATED STATES 

21. Non-Standard Density 
1962 Standard Atmosphere Error 
Time-Varying Bias 
First-Order Markov 

Westerly (Time-Varying Bias) 
Headwind (First-Order Markov) 
PDsswind (Second-Order Markov 
Turbulence ( F i r s t -  and Second- 

22. Non-Standard Wind 

Order Ldarkovs ) 
23. Non-Standard Aerodynamics 

Time-Varying Bias 
First-Order Markov 

TOTALS . 

~ 

NULIBER 
OF 

STATES 

3 
3 
3 

1 

- - 

3 
3 
3 
3 

3 
5 

3 

1 
1 
1 

1 
1 
2 
5 

1 
1 

T-0495 
NULBER 
OF ERROR 
SOURCES 

3 
3 
3 

1 

1 
3 

3 

1 
1 

51 

4-10 
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The p r i n c i p a l  d i f f e r e n c e s  between t h e  e n t r y  p h a s e  t r u t h  model 
used  i n  t h i s  s t u d y  and t h a t  o f  Ref .  3 are improvements i n  t h e  

r e l a t e d  states. These  changes  are d i s c u s s e d  i n  d e t a i l  i n  
S e c t i o n  4 . 3 . 2  where t h e  t r u t h  model data  base is p r e s e n t e d .  

'* I'm error model and i n  t h e  aerodynamics  error model i n  t h e  d rag -  

The t r u t h  model s tates and o t h e r  error s o u r c e s  used  
t o  e v a l u a t e  t h e  S h u t t l e  n a v i g a t i o n  sys t em d u r i n g  t h e  p r e l a n d  
and l a n d i n g  p h a s e s  are l i s t e d  i n  T a b l e  4.3-2 ,  which also 
d i v i d e s  them i n t o  f o u r  categories: 

0 F i l t e r  s ta tes  and measurement n o i s e s  

0 IMU-related states 

0 G r a v i t y  model errors 

a E x t e r n a l  a i d - r e l a t e d  s ta tes  

The l as t  c a t e g o r y  i n c l u d e s  t h e  d r a g - r e l a t e d  states of T a b l e  
4.3-1. I n  a d d i t i o n  t o  t h e  changes  i n  t h e  I:.W and aerodynamics  
models  c i ted above ,  t h e  major m o d i f i c a t i o n s  t o  t h e  t r u t h  
model f o r  t h e s e  p h a s e s  i n v o l v e  a r e v i s i o n  of t h e  d a t a  b a s e  t o  
r e f l e c t  t h e  best a v a i l a b l e  s e n s o r  per formance  d a t a ,  and t h e  

a d d i t i o n  of  r a d a r  al t imeter t e r r a i n  model ing errors f o r  
s e v e r a l  a d d i t i o n a l  runways.  

4 . 3 . 2  T r u t h  Model Data Base 

T h i s  s e c t i o n  p r e s e n t s  t h e  t r u t h  model d a t a  base for 
t h e  e n t r y  throl lgh l a n d i n g  p h a s e s  of t h e  OFT-1 m i s s i o n .  A 

s h o r t  d i s c u s s i o n  of t h e  change t o  t h e  aerodynamics  error 
model is i n c l u d e d .  

I n i t i a l  coxldit jons a t  d e o r t i t  w i l l  be  a f u n c t i o n  
of t h e  accuracy of t h e  most recent n a v i g a t i o n  s y s t e m  u p d a t e  

4-11 
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TABLE 4.3-2 

TRUTH MODEL STATES AND ERROR SOURCES FOR THE 
PRELAND AND LANDING PHASES 

1. FILTER STATES AND LlEASUREtIENT NOISES 

1. P o s i t i o p  E r r o r s  
V e l o c i t y  E r r o r s  
P l a t f o r m  M i s a l i g n m e n t s  
Correlated S e n s o r  S leaau re -  

Uncorrelrted Ueasurernent Noise 
men t  E r r o r s  

H a v i g a t i o n  Sensors 
INS Q u a n t i z a t i o n  tioise 

[ I .  IUU ERRORS 

Accelerometer 
2. B i a s e s  
3. Scale Factors 
4 .  Asymetries 
5 .  N o n - o r t h o g o n a l i t i e s  

7.  B i a s  D r i f t s  
8 .  Mass Unbalances 

G y r o  

111. GRAI'IT)' MODEL ERRORS 

6. G r a v i t a t i o n a l  D e f l e c t i o n s  
a n d  A n o m a l i e s  

1V. NJON-ESlI!IATED, EXTERSAL A T  D-!(F!ATE7) 
STATES 

10. 

11. 
12. 

13. 

1 4 .  

. -  
2. 

16. 
1 7 .  
19. 

TACAX Range  B i a s  F i r s t - O r d e r  

TACAY Hhnf:rc S a l e  F n c i o r  
B a r o  A l t i m r t e r  E r r o r s  

Uarkov  

B i a s  
Scale €actor 
F i r s t - O r d c r  Markov 
S t n t i c  1 )e f r c t  

Range  h a s  
Rnnae Scale F a c t o r  
Azimut  t h  
E l r v n f  j o n  

Range  
Az lmuth  
E l e v a t i o n  

B i a s  
T e r r a l n  I!odel lnk 
T c r r a  i n  Avcragf nl: 
An tPnna  Poi. ling 
TiminC 1 ) c . l ~ ) .  
R e c e i v e r  Noise 
Fad  1 ng  

M I S  Scale €'actor a n d  B i a s e s  

M I 3  S e c o n d - O r d e r  Narkov  

R a d a r  6 1  t i m e t  er E r r o r s  

TACAS Sirrvcy E r r o r s  
ULF S u r \  Errors 
TAC i b c * n r ~ n c :  Bins F i r s t - O r d e r  

Markov . 

2 0 .  LILS Tirvlnr Hias 
91 . 2 2  .71 !ir.q:-Relatrd . a t r s  

NUNBER 
OP 

STATFS 

+- ( T a t  c 1 3 - 1 1  

3 
3 
3 
7 

- - 

3 
3 
3 
3 

3 
5 

3 

1 

I 

1 
1 
1 
1 

I 
1 
1 
1 

2 
2 
2 

1 
1 
I 
I 
I 
1 
I 
G 
6 
I 

3 
' 4  

T-0496 
NUMBEH 

OF ERROR 
SOURCES 

- 

3 
3 
3 
7 

8 
3 

3 
3 
3 
3 

3 
5 

3 

1 

1 

1 
1 
1 
1 

1 
1 
1 
1 

1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
6 
6 
1 

3 
1 4  
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and o f  t h e  subsequent  open loop p r o p a g a t i o n .  The i n i t i a l  co- 
v a r i a n c e  f o r  t h e  c u r r e n t  s t u d y  assumes an  uploaded  n a v i g a t i o n  
f i x  and an IMU a l ignment  v i a  s ta r  tracker t w o  h o u r s  p r i o r  t o  
deorbit  ( R e f .  47). The r e s u l t i n g  n a v i g a t i o n  errors a t  deorbit  
are p r i m a r i l y  in -p lane  errors - 12,000 f t  and 13 f p s  rss. 
The IMU misa l ignmen t s  are 285 s% r m s  per a x i s ,  wh ich  a c c o u n t s  
f o r  both t h e  s ta r  tracker errors and g y r o  d r i f t  d u r i n g  t h e  
t w o  hour  i n t e r v a l .  

The I1W error model has been  modified t o  be con- 
s i s t e n t  w i t h  t h e  IMTJ per formance  s p e c i f i c a t i o n  (Ref .  2 8 ) .  

The IXU states are a s u b s e t  of those  d e f i n e d  f o r  t h e  IMU 
c a l i b r a t i o n  and a l ignment  a n a l y s i s  i n  R e f .  1. Gyro a n i s o -  
e l a s t i c i t i e s ,  accelerometer n o n l i n e a r i t i e s ,  e t c .  have  been 
ignored  i n  t h i s  s t u d y  because  of t h e i r  n e g l i g i b l e  effect  o n  
n a v i g a t i o n  errors ( R e f s .  1 and 3). Table 4.3-3 p r e s e n t s  t h e  
t r u t h  model data base f o r  t h e  IMU-related error s o u r c e s .  

The  major change t o  t h e  drag-related error  models 
is an improvement i n  t h e  aerodynamics  error model t o  reflect  
t h e  r e l a t i o n s h i p  between drag c o e f f i c i e n t  errors and S h u t t l e  

TABLE 4.3-3 
TRUTH MODEL DATA BASE 

FOR IMU-RELATED ERROR SOURCES 

ERROR SOURCE I STAXDAM DEVIATIOK I DATA -SOURCE 
1. INS Quantization Error 
2. Accelerometer Biases 
3. Accelerometer Scale Factors 
4. Accelerometer Asvmnetries 
5. Accelerometer Sonorthogonalities 
7. Gyro Bias Drifts 
6. Gyro !lass Unbalances 

1.0 cn/sec 
50 ug 
100 ppm 
100 ppm 
15 S ~ C  

0.035 degfhr 
0.025 degfhrfg 

Ref. 28 
Ref. 28 
Ref. 28 
Ref. 28 
Ref. 28 
Ref. 28 
Ref. 28 

3-13 
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c o n t r o l  s u r f a c e  d e f l e c t i o n s .  
p r e v i o u s l y  modeled as a s t a t i o n a r y  markov p r o c e s s ,  h a s  been  
modeled as t h e  markov p r o c e s s  p l u s  a t ime-va ry ing  bias  term. 
This bias term is de te rmined  as a f u n c t i o n  of r e l a t i v e  v e l o -  
c i t y ,  f l i g h t - p a t h  a n g l e  and c o n t r o l  s u r f a c e  d e f l e c t i o n s .  

The CD v a r i a t i o n  (Group 23), 

The d r a g  c o e f f i c i e n t  c o m p u t a t i o n a l  model u s e d  i n  t h e  
f i l t e r  i s  a q u a d r a t i c  f u n c t i o n  of t h e  computed a n g l e  of attack 

a c ( t ) :  

2 (ac)  = Co + Clac + CZac C 
DC 

(4.3-1) 

where Co, C1 and C2 are c o n s t a n t s .  
i n  R e f .  46 g i v e s  t h e  t r u e  d r a g  c o e f f i c i e n t  b y :  

Aerodynamic da t a  p r e s e n t e d  

( 4 . 3 - 2 )  

where 

a ( t )  i s  t h e  a n g l e  of a t t a c k ,  

M(t) i s  t h e  Xach number,  and 

C i s  t h e  untrimmed d r a g  c o e f f i c i e n t ,  
t r 

cc 7 Llc and hCD are  t h o  i n c r e m e n t s  of t h e  d r a g  
D~~ D S B c o e f f i c i g n t  due  t o  t h e  body f l a p ,  speed  

brake and e l e v o n  s e t t i n g s ,  r e s p e c t i v e l y ,  

SBF(t), 5 s B ( t )  2nd 6r(t) a r e  t h e  body f l a p .  speed  
b r a k e  ana  e l e v o n  d e f l e c t i o n s ,  r e s p e c t i v e l y .  

With t h e  assumption t h a t  t h e  error i n  a C ( t )  i s  a n e g l i g i b l e  
c o n t r i b u t o r  t o  t h e  e r r o r  i n  CD,(:: ) ,  t h e  dev:iation of C D ~  from C 
t h e  t r u e  Cp f o r  t h e  OFT-1 mission is  p r e s e n t e d  i n  F i g .  4.3-1. 

4-14 
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F i g u r e  4.3-1 D e v i a t i o n  of Nav iga t ion  F i l t e r  CD 
Model From True  CD 

The g r e a t e r  d e v i a t i o n s  obse rved  a t  h i g h  a l t i t u d e s  are a func-  
t i on  of t h e  p o o r e r  a c c u r a c y  o f  CD, f o r  t h e  l a r g e r  a n g l e s  of  
a t t a c k  used  i n  t h e  uppe r  a tmosphere .  The r ange  of  t h i s  model- 
i n g  error is  1.1% t o  -9.5%. 

The Group 21 t ime-vary ing  d e n s i t y  b i a s  which e x h i b i t s  
bo th  l a t i t u d e -  and season-dependence,  is shown i n  F i g s .  4.3-2a 
and 4.3-2b r e s p e c t i v e l y  a s  p e r c e n t  d e v i a t i o n s  from t h e  196'2 
Standa rd  Atmosphere. Dashed l i n e s  on t h e  p r o f i l e s  d e n o t e  t h e  

mean d e n s i t y  d e v i a t i o n s  co r re spond ing  t o  t h e  a l t i t u d e - l a t i t u d e  
p r o f i l e  f o r  t h e  OFT-1 m i s s i o n .  Because of t h e  l o w  i n c l i n a t i o n  
f o r  OFT-1, t h i s  e r r o r  is smaller a t  h i g h  a l t i t u d e s  t h a n  i t  

would be  for  h i g h e r  i n c l i n a t i o n  o r b i t s  such a s  reference 
miss ion  3B (see R e f .  3). T h e  remain ing  d r a g - r e l a t e d  err3rs 
u t i l i z e  t h e  same d a t a  base p r e s e n t e d  i n  Ref. 3 .  T a b l e  4 . 3 - 4  

summarizes t h e  pc'rameter ranges f o r  t h e  d r a g - r e l a t e d  e r r o r  
models (Group 1, Grcups 2 1  th rough  23). 
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I il 1 290 

:O WINTER MEAN 
OENSITY DEVIATION FOR 
REFERENCE MISSION Om4 

-60 - 25 0 2s 
OWARTURE PROM 1 9 s  OANOARO DENSlrY tW 

F i g u r e  4.3-2a Time-Varying D e n s i t y  Bias for December - 
J a n u a r y  Given as P e r c e n t  D e p a r t c r e  From 
1962 Standard Atmosphere (Ref. 5 3 )  

’ PtCOMM€YDED SUMMED MEAN 
3ENftY DEVIATION ’OR 
REFERENCE WSSlC’4 0V.l 

F i g u r e  4.3-2b Tiae-Yarying D e n s i t y  B i a s  f o r  June  - J u l y  
Given as  P e r c e n t  3 e p a r t u r e  Fron 1962 
Standard  Atmosphere (Ref. 5 3 )  
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TWLE 4 .3 -4  

TRUTH MODEL DATA BASE 
FOR DRAG-RELATED ERROR SOURCES 

ERROR SOURCE 

1. Uncorrelated Altitude 
Pseudo-ldeasurement'~oise 

21. h'on-Standard Density 
1062 Standard Atmosphere 

Time-Varying Bias 
First-Order Yarkov 

22. Son-Standard Xiad 
Westerly (Time-Varying 

Bias )  
Headwind (First-Order 
Uarkov) 

Crosswind (Second-Order 
)lor ko v ) 

Turbulence (First-  and 
Second-Order Warkovs) 

Error 

23. C Variations 
DTine-Varying Bias 

First-Order Yarkov 

iTANDARD DEVIA'.'IOX 

1250 t t  

0 - 21% 

0 - 1n 
2 - 6% 

o - 29: i p s  

4 0  - 113 i p s  

i o  - 110 f p s  

13 i p s  

0 - 5.5% 
5; 

CORREWTIOS TINE 
(Diszance) 

- 

- 
- *  

(14 - 270 m) 

- 
(973 nz)  

(270 MI) 

(1750 I t )  

- 
100 sec 

T-04 97 
1 

Ref. 3 

Re:. 3 

I Fig. 6.3-2 
Re:. 3 

Re:. 3 

Ref. 3 

I Ref. 3 

Ref. 3 

I Flg. 4.3-1 
Ref. 3 

A d e t a i l e d  d i s c u s s i o n  o f  t h e  radar alt imeter error 
model c a n  be found ir! Ref .  1. T e r r a i n  model ing errors f o r  

runways a t  Andersen A i r  F o r c e  B a s e ,  Guam, and Hickam A i r  
Force BaL2, Hawai i ,  have been  added t o  t h e  radar altimeter- 
related t r u t h  model da ta  base. Bo th  of t h e s e  l o c a t i o n s  a r e  
s e c o n d a r y  l a i d i n g  sites f o r  t h e  Space S h u t t l e .  F igu re  4.3-3 
shows t h e  t e r r a i n  modeling errors f o r  b o t h  t h e  n o r t h  and 
s o u t h  runways a t  Andersen ,  and f o r  runways 8 and 26 a t  Yickam. 

The t r u t h  model da t a  base f o r  t h e  e x t e r n a l  a i d -  

related error s o u r c e s  o f  Group 1 a n d  Groups 10 th rough  20 

is  p r e s e n t e d  i n  T a b l e  4.3-5. Although t h e  s t a t e  d e f i n i t i o n s  
are  t h e  same as deve loped  i n  Refs. 1 and 3 ,  many of t h e  d a t a  
base v a l u e s  have  been  revised t o  ref lect  more r e c e n t  s e n s o r  
pe r fo rmance  d a t a .  The t a b l e  c o n t a i n s  a p p l i c a b l e  r e f e r e n c e s  
f o r  t .he da t a  v a l u e s  se lec ted .  

The g r a v i t y  m D d e l  errors (Group 6 ) ,  w h i c h  have  a 
n e g l i g i b l e  e f f e c t  on s y s t e m  pe r fo rmance ,  have been i g n o r e d  
i n  t h i s  s t u d y .  
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Figure  4.3-3 T e r r a i n  Yodeling Error for Approach 
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TABLE 4.3-5 

TRUTH WDEL DATA BASE FOR EXTERNAL 
AID-RELATED E W R  SOURCES 

T-0498 

I 
1. 

10. 

11. 

12. 

13. 

14. 

15. 

I 

~ 16. 

~ 17. 

UDcorrelated Measurement N o i s e  
TACAN Range 
TBcBlp Bearing 
Buo Altieeter 
Ips AzAmuth 
Yts Elevat ion 
Ips Baage 
Bodor Altimeter  

T A W  Range B i a s  Pirst-Orrler 

TACAIQ Range Scale Fac to r  

Bar0 Altimeter  Errors 

S l a r g O W  

Bias 
Scale Fac to r  
Static Defect 

First-Order Markov 

ULS Scale Factor  and B i a s e s  
Range B i a s  
Range Sca le  Factor  
Azimuth 
Elevat ion 

LlLs Second-Order Markovs 
Range 
Azimuth 
Elevat  ion 

Radar A l t i m e t e r  Errors 
Bias  
Te r ra in  Modeling 
Te r ra in  Averaging 
A n t e n n a  Po in t ing  
Timing Delay 
Receiver Noise 
Fading 

TACAN Survey Errors 

K L S  Survey Errors 

TACAN Bearing B ias  First-Order 

ULS Timing Bias  

Markov 

1 0  f t  
la m a d  

0.24 eh/24170 it 
0.2 !orad 
0.1 mad 
40 f t  

0.9 it 

385 it 

100 f t  
3% of .  -alt 

f t /i t 2 /  sec2 
1.52 x 10-4 

20 f t  

60 f t  

0.6 mrad 
0.4 w a d  

400 PPD 

40 f t  
0.3 mrad 
0.3 mrad 

1 ft 
< 150 f t *  
< 25 f t *  
< 7 f t *  
< 0.5  f t *  
n e g l i g i b l e  
< 0.3 f t *  

1 it  

1 f t  

1 2  mrad 

50 msec 

- - - - - - - 
300 sec 

m 

(P 

0 

m 

100 sec 

Q 

m 
Q 

W 

4 sec 
4 sec 
4 sec 

- - 
L - - 

0.5 sec 
0 . 5  sec 

ea 

ea 

2 x 104 
f t / V S  

(D 

-~ 

DATA 
SOURCE 

Ref. 49 
Refs. 49.35 

k f .  33 
Bef. 34 
Ref. 34 

Refs. 34.35 
Ref. 1 

Bef. 49 

Ref. 49 

Ref. 2 
Ref. 2 
Ref. 2 

Ref. 2 

Ref. 34 
Ref. 34 
Ref. 34 
Ref. 34 

Refs. 34.35 
Ref. 34 
Ref. 34 

- 
Ref. 1 
Ref. 1 
Ref. 1 
Ref. 1 
Ref. 1 
Ref. 1 

1 

Refs.  49.35 

. *Absolute range r a t h e r  than s tandard d e v i a t i o n .  

4-19 



THE ANALYTIC SCIENCES CORPORATION 

4.4  ENTRY, PRELAND AND LANDING NAVIGATION PERFORMANCE 

T h i s  s e c t i o n  p r e s e n t s  detai led per formance  r e s u l t s  for  
t h e  Space S h u t t l e  e n t r y ,  p r e l a n d  and l a n d i n g  n a v i g a t i o n  sys tem.  
O v e r a l l  performance c u r v e s ,  showing t h e  time h i s t o r i e s  of 
p o s i t i o n  and v e l o c t y  errors due t o  a l l  error sources combined, 
are g iven .  
bu t ions  of ind iv idua l  error sources, or small groups  o f  error 
scurces, a t  specific times, t o  p o s i t i o n  and v e l o c i t y  errors. 
These detailed error budgets have been computed a t  f i v e  s i g n i -  
f i c a n t  time p o i n t s :  

"Basel ine E r r o r  Budget" tables show t h e  contr i -  

0 The end of t h e  e n t r y  n a v i g a t i o n  phase  
( t  = T ~ ~ ~ ~ 9  A l t .  = 145,000 f t )  

e The i n i t i a t i o n  Qf MLS measurement p r o c e s s i n g  
( t  = TmS, A l t .  = 20,000 f t )  

0 The i n i t i a t i o n  of t h e  l a n d i n g  n a v i g a t i o n  phase  

0 The i n i t i a t i o n  o f  radar altimeter measurement 

(t  = TSW, Al t .=12 ,000  f t  above t h e  runway) 

p r o c e s s i n g  ( t  = TRA, A l t .  = 100 f t  above t h e  
runway) 

0 Touchdown ( t  = TD). 

Section 4 . 4 . 1  p r e s e n t s  t h e  results from e n t r y  down t o  20,000 f t  
and S e c t i o n  4 . 4 . 2  p r e s e n t s  t h e  results f o r  a l t i t u d e s  below 
20,000 f t .  

4 . 4 . 1  

F i g u r e s  4 . 4 - l a  and 4 . 4 . l b  p r e s e n t  o v e r a l l  p e r f o r -  
mance c u r v e s  f o r  t h e  e n t r y  phase  and t h e  i n i t i a l  p o r t i o n  of 
t h e  p r e l a n d  phase  of  t h e  OFT-1 m i s s i o n .  
p o s i t i o n  and v e l o c i t y  e r r o r s  due t o  t h e  combined e f f e c t s  of 

T h e  c u r v e s  show r m s  
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Figure 4.4-la Overall Performance Down 
to 20,000 ft : Position 

Figure 4.4-lb Overall Performance Down 
t o  20,000 f t :  Velocity 
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a l l  error source  groups i n  t h e  t r u t h  model. They were gen- 
erated by root-sum-squaring i n d i v i d u a l  error source  c o n t r i -  
b u t i o n s  a t  s p e c i f i e d  i n t e r v a l s  (as  t a b u l a t e d  i n  Appendix C ). 

The i n i t i a l  covar iance  fo r  t h e  e n t r y  f i l t e r  is q u i t e  
p e s s i m i s t i c  r e l a t i v e  t o  t h e  t r u t h  model errors and t h i s  p e s s i -  
m i s m  is reflected in t h e  o v e r a l l  performance cu rves .  The 
f i l t e r - i n d i c a t e d  downrange error a t  TDMG is 35,600 f t  rms v s  
11,400 f t  rms for  t h e  t r u t h  model. As a consequence, t he  

f i l t e r  overweights  t h e  f i r s t  drag update  measurement t o  
y i e l d  a n e t  i n c r e a s e  i n  t h e  downrange p o s i t i o n  e r r o r .  A s i m i -  
l a r  pessimism pervades c ros s range  p o s i t i o n  u n c e r t a i n t y  and a l l  
three components of v e l o c i t y ,  but  t h e  a l t i t u d e  pseudo-measure- 
m e n t  does  not con ta in  s u f f i c i e n t  in format ion  t o  a t tempt  t o  
improve these estimates. 

After t h e  i n i t i a l  t r a n s i e n t s ,  t h e  drag upda te  f i l t e r  
does a n  e f f e c t i v e  j o b  of l i m i t i n g  downrange and radial  pos i -  
t i o n  e r r o r s .  The growth i n  t h e  v e l o c i t y  e r r o r s  (and i n  t h e  
c ros s range  p o s i t i o n  e r r o r )  is a t t r i b u t a b l e  p r i m a r i l y  t o  t h e  

large IMU m i s a l i g n m e n t s ,  a l though t h e  e r r o r s  are not n e a r l y  
as large as a n t i c i p a t e d  by t h e  f i l t e r .  The increase i n  t h e  
v e l o c i t y  errors a t  TTACAN is d i s c o n c e r t i n g ,  but aga in  it is 
a t t r i b u t a b l e  t o  t h e  pess imis t ic  f i l t e r - i n d i c a t e d  performance. 
( A t  TTACAN, t h e  f i l t e r - i n d i c a t e d  r m s  c ros s range  v e l o c i t y  
e r r o r  is 80 f p s  v s  a t r u t h  model u n c e r t a i n t y  of 14 f p s . )  

Followicg TTACAN, t h e  nav iga t ion  errors e x h i b i t  a g e n e r d  
decreasing t r e n d .  A t  TBA v e r t i c a l  p o s i t i o n  and v e l o c i t y  
e r r o r s  show s h a r p  d e c l i n e s ,  r e f l ec t ing  t h e  a c q u i s i t i o n  of t h e  

bar0 a l t i m e t e r  measurement. The  process ing  of TACAN bearing 
measurements accounts  ‘ f o r  t h e  l a r g e  s teady decrease i n  
c ros s range  e r r o r s  between TTACAN and TblLS. 

To i l l u s t r a t e  t h e  e f fec t  t h a t  t h e  drag update  mea- 
su remen t s  have on . t h e  ver t ical  p o s i t i o n  e r r o r ,  several t r u t h  
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model r u n s  wi thout  t h i s  "external aid" were made. J u s t  p r i o r  
t o  TACAN a c q u i s i t i o n  t h e  to ta l  v e r t i c a l  p o s i t i o n  error f o r  t h i s  
no measurement case is approximately 4700 f t  as compared t o  t h e  
1436 f t  observed  when t h e  drag measurements are employed. 
C l e a r l y  t h e n ,  t h e  p r o c e s s i n g  of  t h e  drag a l t i t u d e  pseudo-mea- 
surements  d i s t i n c t l y  r educes  vertical p o s i t i o n  errors. 

System error cova r i ances  have been computed f o r  each  
group of error s o u r c e s  down t o  t h e  20,000 f t  a l t i t u d e  of  t h e  
r e f e r e n c e  t r a j e c t o r y .  Detailed error budgets  showing r m s  
p o s i t i o n  and v e l o c i t y  errors were gene ra t ed  at  t h e  end of  t h e  
e n t r y  phase ( t  = TTACm, A l t .  = 145,000 f t )  and a t  20,000 f t .  

Each e n t r y  i n  t h e  error budgets  is t h e  rms c o n t r i b u t i o n  of 
t h e  error s o u r c e  or  s o u r c e s  i n d i c a t e d  i n  t h e  l e f t -hand  column. 
The e n t r i e s  i n  each column are root-sum-squared t o  o b t a i n  t h e  
t o t a l  p r o j e c t e d  performance of  t h e  n a v i g a t i o n  f i l t e r .  These 
performance v a l u e s  are compared w i t h  t h e  Space S h u t t l e  land-  
i n g  s p e c i f i c a t i o n s  (from R e f .  43)  a t  t h e  bottom of t h e  e r r o r  
budget a t  20,000 f t  . To focus  a t t e n t i o n  t o  t h e  major  c o n t r i -  
b u t o r s  in each  column, eve ry  number whose magnitude is g r e a t e r  
t h a n  20% of t h e  r m s  t o t a l  f o r  t h a t  column has been circled. 

* 

Table 4 . 4 - 1  presents t h e  baseline e r r o r  budget for 
t h e  e n t r y  f i l t e r .  The major c o n t r i b u t o r s  t o  n a v i g a t i o n  e r r o r s  
a t  145,000 . f t  are: 

e The i n i t i a l  c o n d i t i o n  errors (Group 1) 

e The a l t i t u d e  pseudo-measurement n o i s e  
(Group 1) 

0 The non-standard atmospheric  d e n s i t y  

*These l a n d i n g  s p e c i f i c a t i o n s  a r e  g u i d e l i n e s ,  not  i n v i o l a b l e  

modeling e r r o r  (Group 21) 

r equ i r emen t s .  The  v e r t i c a l  v e l o c i t y  s p e c i f i c a t i o n ,  i n  
p a r t i c u l a r ,  may u l t i m a t e l y  be r e l a x e d .  
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5% of C,, 

TABLE 4.4-1 
BASELINE ER9OR BUDGET FOR THE ENTRY NAVIGATION PHASE 

I 208. 430. 278. 

=OR SOURCE 

1. FILTER STATES AND MEASUREMENT 
NOISE - 
Initial Condition Errors 
Positions and Velocities 
Misalignments 

Uncorrelated Measurement Rois 
A1 t I tude 
INS Quantization Noise 

11. IMU-RELATED STATES 
Accelerometer Errors 

2. Bioses 
3. Scale Factors 
4. Asymmetries 
5. Nonortbogonalities 

7. Bias Drifts 
8. Mass Unbalances 

Gyro Errors 

IV. DRAG-RELAD STATES 
21. Non-btandard Dens1 tp 

1962 Standard Atmospher 
Modeling Error 
Time-Varying Bias 

First-Order Markov 

22. Non-Standard Wind 
Westerly 

Crosswind 
Beadwlnd 

23. Non-Standard 
Aerodynamics 

Time-Varying Bias 

First-Ordei Markov 

Total Project cd Performance 

VALUE 

Ref. A7 
285 sec 

0.0328 ips 
1250 ft 

50 ug 
100 Ppm 
100 p 
15 & 

0.035'fhr 
0.025~ /br/g 

4-Term ( ~ 9  % 
Ref. 3 
winter (<8 'x 
Fig. 4.3-2a 
( ~ 6 % )  Ref.3 

Winter 
(~295 fps) 
Ref. 3 

(410 ips) 
Ref. 3 

( <e. 5%) 
Fig. 4.3-1 

T-0501 
RI(S NAVIGATION ERROh AT 145.000 It 

POSITION (it) 
R DR CR 

697. 306. 
27. 160. 132. 

1906. 06333 
6. 161. 53. 
45. 206. 80. 
31. 58. 19. 

105. 257. 428. 
6. 23. 25. 

<613.) @m)(=mT] 
142. 117. 246. 

177. 500. 303. 

259. 9. 4. 

84. 89. 55. 

<865.) 67. 79C. 

~~ 

3436. llS05. 551E. 

R DR CR 

p j  2.00 
5.03 c m )  

2.01 0.70 0.36 
0.59 0.47 0.13 

<$.47) 1.22 
0.53 0.87 0.29 
0.41 0.95 0.38 
0.42 0.04 0.02 

1.32 1.29 2.51 
0.12 0.14 0.20 

1.25 

0.52 0.43 0.46 

0.72 0.55 0.33 

0.72 0.20 0.04 

0.28 0.12 0.06 

2.37 1.76 2.41 

0.?7 0.51 0.31 

10.76 10.06 14.21 

Except for vertical position and crossrange velocity, which 
are dominated by drag-related errors and initial misalignments 
respectively, each of the navigation errors is attribut- 
able to both initial condition and drag-related errors. 
This relative balance between initial conditions and drag- 
related errors suggests that the filter combines the altitude 
pseudo-measurements with inertial information in an effective 
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manner. However, f i l t e r  parameter and g a i n  v a r i a t i o n  s t u d i e s  
would be r e q u i r e d  t o  p r o v e  t h i s  h y p o t h e s i s .  

The large error c o n t r i b u t i o n s  of i n i t i a l  p o s i t i o n  
and  v e l a c i t y  u n c e r t a i n t i e s  can  be e x p l a i n e d v i a  a mechanism 
which c o u p l e s  t h e s e  i n i t i a l  errors t o  t h e  n a v i g a t i o n  errors 
a t  145,000 f t  ( and  l a te r )  t h r o u g h  platform m i s a l i g n m e n t s .  
The f i l ter  r e s p o n d s  t o  t h e  large i n i t i a l  p o s i t i o n  and ve loc-  
i t y  u n c e r t a i n t i e s  by a d j u s t i n g  t h e  misa l ignmen t  estimates 
t o  a c c o u n t  f o r  a p o r t i o n  of these errors - t h u s ,  i n  e f f ec t ,  
i n t r o d u c i n g  an  i n i t i a l  p o s i t i o n -  and v e l o c i t y - g e n e r a t e d  
misa l ignmen t .  ( T h i s  b e h a v i o r  can  be o b s e r v e d  i n  t h e  appropri- 
ate table - Group 1 - i n  Appendix C by n o t i n g  t h e  immediate 
i n c r e a s e  i n  p l a t f o r m  tilt  errors f o l l o w i n g  t h e  first drag 

u p d a t e  a t  t = T D R A G . )  I n  t u r n ,  t h e  m i s a l i g n m e n t s  propagate 
v i a  t h e  s y s t e m  dynamics d i r e c t l y  i n t o  p o s i t i o n  and v e l o c i t y  
errors. 

Of t h e  IIIU-related s o u r c e s ,  o n l y  t h e  accelerometer 
b i a s  errors c o n t r i b u t e  s i g n i f i c a n t l y  t o  v e r t i c a l  and down- 
r a n g e  v e l o c i t y  errors. The minor  role of IMC error  s o u r c e s  
i n  t h i s  s t u d y  v i s - a - v i s  Ref .  3 can  be a t t r i b u t e d  t o  a d i f f e r -  
e n c e  i n  assumed i n i t i a l  c o n d i t i o n s .  I n  R e f .  3 t h e  n a v i g a t i o n  
sys t em had been  operating i n  t h e  p u r e  i n e r t i a l  mode s i n c e  
l a u n c h .  Hence,  t h e  m a j o r i t y  o f  t h e  n a v i g a t i o n  errors a t  de- 
o rb i t  were d i r e c t l y  a t t r i b u t a b l e  t o  IMU error s o u r c e s .  By 
c o n t r a s t ,  t h e  p r e s e n t  s t u d y  assumes a n a v i g a t i o n  f i x  and IMU 
a l ignmen t  t w o  h o u r s  p r i o r  t o  deo rb i t .  T h i s  e l i m i n a t e s  a l l  
IMU c o n t r i b u t i o n s  to  deorb i t  n a v i g a t i o n  errors e x c e p t  t hose  
w h i c h  c a n  a c c r u e  (accelerometer b i a s ,  g y r o  b i a s  d r i f t )  du r -  
i n g  t h e  e n s u i n g  t w o  hour  o r b i t a l  coast .  

T a b l e  4 . 4 - 2  lists t h e  c o n t r i b u t i o n s  of a l t e r n a t i v e  
error s o u r c e  models ( e . g . ,  season-dependent  a t m o s p h e r i c  den- 
s i t y  error models f o r  t h e  summer i n s t e a d  of t h e  winter p r o f i l e ) .  

4-25 



THE ANALYTIC SCIENCES CORPORATION 

21. Non-Standard Density 
lS62 Standard Atmosphere 
Modeling Error 

Time-Varying Bias 

TABLE 4.4-2 
ALTERNATIVE CONTRIBUTIONS FOR THE ENTRY NAVIGATION PHASE 

l-Term(<2l%) 3813. 2830. 3076. 7.64 2.00 5.26 

Suutner(C1G) 838. 572. 77. 2.04 0.65 0.95 
Ref. 3 

Pig. 4.3-2b 

ERROR SOURCE 

Westerly 

Rsls NAVIGATIOti ERROR AT 145.000 i t  

VALCE 11 

Swmner 137. 129. 41. 0.25 0.02 0.06 

Ref. T) 

The 1-term d e n s i t y  modeling error is s e e n  t o  be p o t e n t i a l l y  a 
much g r e a t e r  c o n t r i b u t o r  t o  v e r t i c a l  p o s i t i o n  error t h a n  t h e  
4-term model because  o f  t h e  l a r g e r  u n c e r t a i n t i e s  (20% v s  5%) 

associated w i t h  t h e  1-term a tmospher i c  d e n s i t y  model near 
145,000 f t .  For  t h e  f i l t e r  e v a l u a t e d  i n  t h i s  s t u d y ,  t h e  v e r -  
t i c a l  p o s i t i o n  e r r o r  would more t h a n  t r i p l e  w i t h  t h e  1-term 
model.  T h i s  performance s e n s i t i v i t y  u n d e r s c o r e s  t h e  need f o r  
a n  a c c u r a t e  onboard a tmospher ic  d e n s i t y  model fo r  d r a g  
upda t ing .  

T a b l e  4.4-3 p r e s e n t s  t h e  b a s e l i n e  error budget  f o r  
t h e  n a v i g a t i o n  f i l t e r  a t  20,000 f t .  The major c o n t r i b u t o r s  
t o  n a v i g a t i o n  errors are:  

0 The i n i t i a l  cond i t ion  errors (Group 1) 

0 The TACAN r a n g e  b i a s  error (Group 10)  

0 The TACAN b e a r i n g  b i a s  e r r o r  (Group 19)  

0 The bar0 alt imeter b i a s ,  s c a l e  f a c t o r  
and s t a t i c  defect e r r o r s  (Group 1 2 ) .  
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First-Order Markov 
16. TACAh’ Survey Errors 
19. TACAI Benring Bias 
1.,21.,22.,23. 

Drag-Related Errors - 
Total PrGjPcted Performance 

Touchdown Spcciflcaricns - 

- 

VALUE 

Ref. A7 
285 aec 

100 it 
12 mrad 

0.0328 ips 
b/24016 ft 1.24 e 

0.035’f hr 
0.025’/hr/g 

385 ft 
100 ppm 

100 ft \ 

1.52 fi lo-: 
Itfft “ 1  /sec 
20 It 
1 It 
12 mrad 

Table 4.4-1 

POSITION (it) 

R DR CR 

T-0509 BASELINE ERROR BUDGET AT 20,000 FT 
RMS NAVIGATION ERROR AT 20.000 ft 

ERROR SOURCE 

I. FILTER STATES AND MEASUREYENT 
I SE 

Pcsltionr and Velocltles 
uiS8ligMent6 

TACAN Wnge 
TACAN Bearing 
Bar0 Altimeter 
INS Quantization Noise 

- 
lnitlrl Conditlone 

Uncorrelated Measurement Nolae 

11. INU-REI4TEI: 5TATES 
Accelerometer 
2. Biases 
3. Scale Factors 
4. Asylrmetrieo 
5. Nonorthoaonallties 

7. Blas Drifts 
8. Mass Unbalances 

Gyro 

IV. EXTERNAL AID-RELATED STATES 
10. TACAN Range Bias 
11. TACAN Range Scale Factor 
12. Baro Altimeter Errors 

Bias 
Scale Factor 
Static Defect 

3 m r s s L a , B  55.3 49.9 64.7 

110 5 
6 :3 122:B &$ 
0.3 0.2 0.1 
5.8 9.4 1.S 

75.8 127.9 20.0 
23.8 52.5 10.3 
25.7 56.4 10.8 
8.0 21.6 2.7 

15.7 20.9 13.0 
2.0 5.4 1.9 

: 2 m  (565.1) (114.i) 
7.0 9.8 0.1 

10.0 8 . 0  3.1 

+&TBH)& 

6.5 16.6 5.7 

497.1 698.4 273.4 

3.0 80.0 4 . 7  

~ 

R -  DR CR 

0.99 0.63 0.30 
0.45 0.54 0.60 
0.00 0.00 0.00 
0.21 0.14 0.12 

mm 0.86 
0.35 0.67 0.46  
0.26 0.76 0 . 4 5  
0.26 0.40 0.17 

0.95 0.85 0.82 
0.17 0.16 0.13 

(rn1<2.54)(2.72; 
0.22 0 . 3 1  0.01 

0 0.01 0.44 

O.QA 0.05 0.03 
0.01 0.00 0.01 
1.16 1.07 1 . 1 C  

0.60 0.31 0.20 

8.57 5.83 6.73 

0.20 3.00 2 on 

Note that the large initial condition errors con- 
tinue to be major contributors to the velocity errors. The 
TACAN range and bearing bias errors are principal contri- 
butors to all components of position error, and the range 
b i a s  is also a contributor to a l l  components of the velocity 
error. The bar0 altimeter errors contribute significantly 
t o  position errors and to the vertical velocity error. Addi- 
tionally, TACAN range and TACAN bearing measurement noises 
show large effects in the vertical and crossranpe position 
errors, respectively. Accelerometer bias errors continue 
to propagate into significant vertical and downrange velocity 
errors. 

4-27 



THE ANALYTIC SCIENCES CORPORATION 

The S h u t t l e  is approx ima te ly  midway th rough  its TAEM 
al ignment  maneuver a t  20,000 f t .  TACAN range  and b e a r i n g  
i n f o r m a t i o n  collected p r i o r  t o  t h e  i n i t i a t i o n  of t h e  maneuver 
becomes c r o s s r a n g e  and downrange i n f o r m a t i o n ,  r e s p e c t i v e l y ,  
when t h e  S h u t t l e  is a t  or beyond t h e  20,000 f t  mark because  
o f  t h e  r i g h t  a n g l e  t u r n .  T h i s  accounts f o r  t h e  c o n t r i b u t i o n  
of t h e  TACAN range b i a s  t o  c r o s s r a n g e  e r r o r s ,  etc.  The 
l a r g e  c o n t r i b u t i o n s  of t h e  TACAN r a n g e  b ias  t o  v e r t i c a l  
channe l  e r r o r s ,  and  t h e  bar0 altimeter errors t o  downrange 
channe l  errors can  be a t t r i b u t e d  t o  t h e  h i g h  c o r r e l a t i o n s  
which e x i s t  between t h e  v e r t i c a l  and downrange c h a n n e l s  ( a t  
d e o r b i t , v e r t i c a l  and downrange errors are p e r f e c t l y  corre- 
l a t e d ) .  

Appendix C c o n t a i n s  de t a i l ed  computer p r i n t o u t s  of 
a l l  e r r o r  c o n t r i b u t i o n  t i m e  h i s t o r i e s  co r re spond ing  t o  
Tab les  4 .4-1 th rough  4.4-3. 

4 . 4 . 2  Naviga t ion  System Per formance:  20,000 f t  t o  
Touchdown 

F i g u r e s  4.4-2a and 4.4-2b p r e s e n t  o v e r a l l  performance 
c u r v e s  from 20,000 f t  t o  touchdown. A t  TMLS there are large 
decreases i n  a l l  three error components, r e f l e c t i n g  t h e  h i g h  
accuracy of t h e  MLS measurements as compared t o  TACAN and 
bar0 al t imeter  measurements.  
errors become essentially t h e  n a v i g a t i o n  accuracy  of  MLS. 
The i n i t i a l  radar altimeter measurement results i n  a n  increase 
i n  v e r t i c a l  p o s i t i o n  e r r o r  due t o  t h e  large terrain modeling 
e r r o r  f o r  Vandenberg AFB, as was a l s o  observed  i n  t h e  R e f .  1 
s t u d y .  

Subsequent  t o  TMLS t h e  p o s i t i o n  

A l l  components o f  t h e  v e l o c i t y  e r r o r  decrease w i t h  

MLS measurement p r o c e s s i n g  u n t i l  t h e  s w i t c h  t o  t h e  comple- 
mentary f i l t e r  a t  TSW. Tne downrange v e l o c i t y  e r r o r  
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i n c r e a s e s  a f t e r  TQw due  t o  t h e  e f f e c t s  of t h e  MLS r ange  
second-order markov e r r o r .  The u n s t a b l e  growth i n  v e r t i c a l  
v e l o c i t y  error a t  Tu observed  i n  R e f .  1 does  n o t  o c c u r  here 
s i n c e  t h e  v e r t i c a l  channe l  is n o t  coupled  w i t h  t h e  downrange 
o r  c r o s s r a n g e  c h a n n e l s  v i a  t h e  MLS g a i n s  a n d s i n c e  there are no  
v e r t i c a l  v e l o c i t y  u p d a t e s  after TRA (see T a b l e  4 . 2 - 2 ) .  

n e i t h e r  U S  r a n g e  errors n o r  t h e  i n c r e a s e  i n  t h e  v e r t i c a l  
p o s i t i o n  error due  t o  t h e  t e r r a i n  mcdel ing e r r o r  d r i v e  t h e  
v e l o c i t y  errors up.  Subsequent t o  t h e r e  is a s l i g h t  
i n c r e a s e  i n  t h e  v e r t i c a l  v e l o c i t y  component due t3  IMU m i s -  
a l i gnmen t s .  

Hence 

Tab le  4.4-4 is t h e  b a s e l i n e  e r r o r  budget  a t  TS1. 
The major  c o n t r i b u t o r s  t o  n a v i g a t i o n  errors are: 

e The MLS azimuth 2nd DME measurement 
n o i s e s  (Group 1) 

e The MLS scale f a c t o r s  and biases (Group 13) 

e The MLS second-order markovs (Group 14) 

e The MLS t i m i n g  biases (Group 2 0 ) .  

The s i g n i f i c a n c e  of MLS measurements t o  t h e  f i l t e r  
is  c l e a r l y  e v i d e n t  by t h e  xact t h a t  n e a r l y  a l l  t h e  major  con- 
t r i b u t o r s  are MLS-related. The MLS azimuth e r r o r  s o u r c e s  
dominate bo th  pos i t ion  and v e l o c i t y  c r o s s r a n g e  errors, as do 
t h e  MLS range errcr s o u r c e s  i n  t h e  downrange channe l .  The 
s t e e p n e s s  of t h e  descent p a t h ,  approximate ly  a 20-24 deg 
g l i d e  s l o p e ,  c a u s e s  t h e  downrange e r r o r  s o u r c e s  (MLS r a n g e  
e r r o r s )  t o  c o n t r i b u t e  large v e r t i c a l  channel  e r r o r s .  These  
MLS range-related e r r o r  s o u r c e s  a long  w i t h  MLS e l e v a t i o n -  
re la ted e r r o r s  doiiiinate t h e  v e r t i c a l  c h a n n e l  C r r o r s .  

The  MLS second-order  msrkov e r r o r s  (Group 1 4 )  show 
p a r t i c u l a r l y  l a rge  e f f ec t s  on t h e  v e l o c i t y  errors.  T h e s e  
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5 0  msec 

TABLE 4.4-4 

BASELINE ERE#)R BUDGET AT TSW 

2.0 0.5 0.1 

37.0 81.4 37.9 

1.  P I L m  STATES AND 
ISE - 

Initial Coodltloas 
Positlono and Velocltles 
m1sr11gewnts 

Oncorrelated Naasurement Kolsc 
TACM Range 
TMXM Bearlog 
Buo Altlmeter 
IUS AZtimuth 
llLs Elevation 
tosDME 
Ilos Quantization tUolse 

XI. IlRI-lELATEll S T A m  
Accelemoetet 
2. Biases 
3. Scale Factors 
4. Asy-etrlen 
b. Isonorthogooalltles 

7. Bias Drifts 
8. u.Ss Unbalaoces 

G m  

1V. EXTERNAL AID-RF%ATED STATES 
10. TACAN Range Bias 
11. TACM Ranee Scale Factor 
12. Baro Altimeter frrors 

Bias 
Scale Factor 
Static Defect 

First-Order Uarkov 
13. U S  Scale Factor aod 

Range Dias 
Range Scale Factor 
Azlmuth Bias 
Elevation Bias 

14. IUS Second-Order Warkovs 
Raoge 
AZiputb 
Elevatioq 

17. YIS Survey Errors 
19. TACAK Bearing Bias 
20. MLS Timing Bias 

Range 
Azimuth 
Elevation 

Biases  

Total Projected Perfonnance 

Touchdown Specifications 

100 it 
1s mrad 

.O.% mrad 
0.1 mrad 
40 It 

0.03a8 ips 

1-24 *h'w170 1 

385 ft 
100 m 
100ft ' 

1.52 1041 
3% of alt. 1 

It/tt2/sec2 
20 it 

60 It 
400 P P  
0.6 mrad 
0.4 mrad 

40 ft 
0.3 mrad 
0.3 w a d  
1 ft 
12 mrad 

50 msec 

7-0504 
BlLs liAVIG4TIOR ERROU AT 13.58@ ft 

1.2 0.6 1.3 
2.8 4.8 7.4 

0.5 0.7 0.4 
0.3 1.3 1.4 

t:: ::: & 
5:: 

0.1 0-1 0.2 

G.8 1.7 3.1 
0.1 0.2 0.5 
0.2 0.2 0.6 
0.2 0.3 0.7 

0.8 1.4 1.B 
0.2 0.3 0 . 4  

5.5 8.6 7.3 
0.2 0.4 0.6 

0.7 7.5 4.5 

0.0 0.0 0.0 

3.6 0.4 

'~lCss.4? 3.2 

1.0 0.2 1.0 

6 5 m  
3:u 1.0 

0.5 2.8 2.3 

mm 0.0 

3.0 80.0 4.7 

R DIt CR 
d 

0.09 0.34 
0.18 0.18 & 
0.00 0.01 0.01 
0.01 0.01 0.02 

0.00 0.00 
0.03 0.03 

0.01 0.01 0.01 

0.05 0.07 0.15 
0.03 0.05 0.01 
0.03 0.05 0.02 
0.04 0.01 0.03 

0.08 0.05 0.08 
0.02 0.01 0.02 

0.10 0.05 0.17  
0.02 0.00 0.01 

10.38) 0.13 0.05 

0.00 0.00 0.00 

0.05 0.04 0.13 
0.10 0.21 0.w 

0.23 0.09 
0.06 0.08 c 30 

0.00 0.00 0.00 
0.02 0.03 0.03 

0.03 0.10 0 . q  
0.05 0.05 <0.6t, 
0 . 0 3  0.02 0.00 

1.46 2.81 1.30 

0 .20  3 . 0 0  2 . 0 0  

4-31 



THE ANALYTIC SCIENCES CORPORATION 

error s o u r c e s  are p r i m a r i l y  due t o  m u l t i p a t h  e f f e c t s ,  b u t  
l i t t l e  data on t h e  magni tudes  or f r equency  characteristks f o r  
m u l t i p a t h  is a v a i l a b l e .  Such large v e l o c i t y  error c o n t r i b u -  
t i o n s  due t o  m u l t i p a t h  effects s u g g s  
model based on more e x t e n s i v e  test data is necessary t o  
a c c u r a t e l y  assess l a n d i n g  navigation performance.  

The IMU misalignments, which have been major  c o n t r i -  
b u t o r s  a l l  th rough  t h e  h ighe r  a l t i t u d e s ,  are lesser c o n t r i -  
b u t o r s  at  TSw. The bar0 altimeter c o n t i n u e s  t o  be a major 
c o n t r i b u t o r  t o  v e r t i c a l  v e l o c i t y ,  and t h e  TACAN range  bias 
still makes considerable c o n t r i b u t i o n s  t o  p o s i t i o n  errors. 

Several error s o u r c e s  found i n  t h e  past ( R e f .  1) t o  
be minor  c o n t r i b u t o r s  t o  n a v i g a t i o n  errors a t  t h i s  and lower 
a l t i t u d e s  have been i g n o r e d  i n  Table 4.4-4 and a l l  subsequent  
b a s e l i n e  error budge t s .  These i n c l u d e  t h e  drag-related errors 
and t h e  TACAN s u r v e y  errors. 

Table 4.4-5 presen t s  t h e  baseline error budget  at  
100 f t  above t h e  runway touchdown p o i n t ,  j u s t  p r i o r  t o  
t h e  first radar altimeter measurement. The major  error con- 
t r i b u t o r s  are: 

The i n i t i a l  c o n d i t i o n s  (Group 1) 

0 MLS e r r o r s  and measurement n o i s e s  
(Groups 1, 13, 14 and 20) 

B a r 0  altimeter errors (Group 1 2 ) .  

After TSW, w i t h  t h e  subopt imal  g a i n  s t r u c t u r e  of 
t h e  complementary f i l t e r ,  t h e  misa l ignment  terms e x p e r i e n c e  
a marked increase i n  importance. T h e  i n i t i a l  p o s i t i o n  and 
v e l o c i t y  e r r o r s  show a n  increased e r r o r  c o n t r i b u t i o n  a f te r  
Tsw through t h e i r  c o u p l i n g  w i t h  the misa l ignmen t s  v i a  t h e  
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TABLE 4.4-5 
BASELINE ERROR BL.?GET AT 100 FT ABWE RUNWAY 

BBBOR SOURCE 

I .  

I f .  

I V .  

FILTER STATES AND 
ISB - 

Initial Conditions 
Positions and Velocities 
lictaligoments 

Pncorrelated Measurement Noise 
T A W  Range 
TACAN Bearing 
Baro Altimeter 
MIS Azimuth 
yt8 Elevation 
YtSwIE 
I= Quantization Noise 

IMU-RELATEI) STATES 
Accelerometer 
2. Biases 
3. Scale Factors 
4. -tries 
5. lonortbogonalities 

7. Bias Drifts 
8. Mask Unbalances 

GFrn 

EXTERNAL-AID RELATED STATES 
10. TACAN Range Bias 
11. TACA! Range Scale Factor 
12. Barn Altimeter Errors 

B i a s  
Scale Factor 
Static Defect 

Flrst-Order Markov 
13. MLS Scale Factor aod 

Range Bias 
Range Scale Factor 
Azimuth Bias 
Elevation Bias 

14. ULS Second-Order llarkovs 
Range 
Azlmuth 
Elevation 

17. MLS Survey Errors 
19. TACAN Bearing Rtas 
20. ULS Timinw %as 

nange 
Azimuth 
Elevat loa 

Biases 

Total Projected Performance 

Touchdown Specifications 

VALUE 

Ref. 47 

100 it 

285 sG2 

12 mr8d 

1-24 e f: 
0.2 nrul 
0.1 Mad 
40 it 

0.0320 fps 

bJ24170 

305 ft 
100 P P  

ion ft 
3% of alt 
1.52 g lo-: 
it/ft /see 
20 it 

I 
60 It 

0.6 mrnd 
0.4 mrad 

40 ft 
0.3 mrad 
0.3 mrad 
1 ft 
12 mrad 

50 msec 
50 msec 
50 msec 

400 PP 

T-050: 
R!S IOdVICATlOh’ ERROR AT 100 ft 

POSITION (ft) 

R DR CR 

0.0 0.7 0.2 
0.0 1.4 0.5 
0.0 0.0 0.0 
0.1 4.2 2.4 
0.4 0.2 0.1 

0%) ::: 

1.2 1.7 1.3 
0.4 0.1 0.4 
0.4 0.3 0.4 
0.2 0.5 0.3 

0.9 1.7 0.6 
0.1 0.4 0.1 

0.3 10.2 a 
0.1 0.6 0.3 

a 10.3 1.6 

0.0 0.0 0.0 

0.0 c51,7) 1.3 

1.1 0.2 0.1 

mm 1.3 
&) 0.7 0.4 
1.0 0.0 1.0 
0.1 3.2 0.9 

0.5 0.5 
0.1 2.0 0.9 
1.1 0.0 0.0 

7.3 (6.1) 

8.2 80.5 12.2 

3.0 80.0 4 . i  

~~ ~ 

R DR CR 

0.01 0.00 0.01 
0.01 0.00 0.01 

0.04 0.01 0.00 
0.20 1 97 0 04 
0.03 (&? 0:Ol 

0.12 0.12 0.09 
0.05 0.06 0.03 
0.05 0.06 0.03 
0.03 0.00 0.02 

0.10 0.00 0.07 
0.02 0.01 0.02 

0.15 0.04 0.00 
0.02 0.01 0.00 

0.39 0.04 

0.00 0.00 0.00 

o..le) 0.03 0.02 
0.08 0.18 0.00 
0.03 0.01 <0.27) 
0.20 0.03 0.00 

0.11)- 0.06 

01 0.00 0.00 
0.02 0.00 0.02 

0.20 0.31 0.00 
0.04 0.01 0.00 o.sl> 0.03 0.00 

0 .08  0.02 (c1.45) 

1.11 3.63 0.70 

0.20 3.00 2 .00  
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mechanism described in Section 4 . 4 . 1 .  The dominant velocity 
error contributors continue to be the MLS second-order 
markov errors. In particular, the 40 ft error of the range 
second-order markov couples directly into velocity errors. 

The MLS range and azimuth measurement noises and 
range and azimuth biases affect the downrange and crossrange 
error components about as exgected. Even though tbe down- 
range velocity error grows following TSW, the suboptimai 
filter appears to select reasonable MLS gains in the down- 
range and crossrange channels. In the vertical channel, 
however, the bar0 altimeter errors contribute at least as 
much as the MLS errors. In addition, MLS range errors remain 
important contributors to vertical velocity even though the 
final approach following the flare maneuver is made with a 
low (1-3 deg) glide slope. This behavior suggests that the 
complementary filter underweights the MLS elevation measurement. 

The baseline error budget at touchdown is given in 
Table 4.4-6.  The error in vertical position slightly exceeds 
the touchdown specification - with nearly all of the vertical 
position error due to the terrain modeling error for Van- 
denberg's runway 30 (other landing sites are discussed later). 
The downrange position error is nominally equal to the 
touchdown specification, and the crossrange position error 
is approximately twice the specification - both totals 
primarily due to KLS error sources. The ?!LS biases and 
second-order markovs are again the dominant error sources 
in the dDwnrange and crossrange channels. 

The vertical velocity error exceeds the touchdown 
specification; however, it is significantly smaller than that 
observed in Ref. 1. Since the radar altimeter measurement is 
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0.9 f t  
0.2 mrad 
0.1 mrad 
40 it 

able 4.4-5 

0.6 mrsd 
0.4 mnd 
60 it 

400 ppm 

TABLE 4.4-6 

BASELINE ERROR BUDGET - TOUCHDOWN 

0.3 
0.0 
0.0 
0.0 
0 . 0  

0 . 0  

0 . 0  
0.0 
0 . 0  
0.0 

1. i n i t i a l  Cooditioos 
Positions and Velocities 

Hlsali-nts 
Oncorrelated Joise 

h d u  Altiaeter 
Z S  Pzfmuth 
uts flevatlon 
kU.3 Dm 
RSS for Other External 
Jnrigatlon A i d s  

11. :W-Related States 

19. External Aid-2elated States 
13. ULS Scale Factor . n U  Biases 

Azirmttb Bias 
Elevatloa B i a s  
b g e  Bias 
Rkige Scale Factor 

A z m t h  
Elewat too 
m g e  

14. Uts Second-Order Markov 

IS. Radar Altimeter Errors 
B i 8 S  
rerrai3 %&cling 
Error ("3-30) 

Other Errors 

- 
Ai: I n s t m n t  

10.-12.. 17.-20. 
RIls for Other External 
Ravigatlon Aids 

&l 
1.6 

Total Projectsd Periomance 

o.i 0.0s & 
0.9 0.21 
0.5 0.05 0.03 

Touchriom Specif:catlons 

0.7 

&) 
4.2 

1 RMS NAVIGATION ERROR AT lQOumWS 

a 0.03 0.01 
0.1 0.21 0.02 
1.4 <0.48) 0.01 
0.3 0.09 0.16 

1 it 
Ref. 1 

0.3 nuad 
0.3 mrad 
40 i t  

@ 

0.0 
0 .0  
0.0 

0 .0  
0 . 0  

0 . 0  

0 . 0  0.00 0.00 
0 . 0  0.00 0.00 

0.0 0.00 I 0.00 Ref. 1 

Fable 
4.4-3 x 

I 3.0 

0.0 

0.:  

0 .0  I 0.0 1 0.00 I 0.00 
4.2 2.0  0.04 0.01 

(0.eB) 0.59 2 2 z I  I I 

0.00 
0.c2 
0.00 
0.00 
0.02 

0.12 

(0.24) 
0.00 
0.03  
0.00 

0 
0.01 
0.06 

0 .00  
0.00 

0.00 

0.09 

~ ~~~~ ~ 

80 .6  1 1 0 . 3  i 3.73 1 0.65 
8 0 . 0  1 4.7 I 0.20 I 3.00 I 2.00 

n o t  u s e d  t o  u p d a t e  v e r t i c a l  v e l o c i t y ,  and tlLS does n o t  up- 
date t h e  v e r t i c a l  c h a n n e l  a f t e r  t h e  !lLS e l e v a t i o n  measure-  
ment is  l o s t ,  t h e  v e r t i c a l  v e l o c i t y  e r r o r s  show a s l i g h t  
i n c r e a s i n g  t r e n d  a f t e r  Tu. On t h e  o t h e r  hand ,  these sane 
f a c t o r s  p r e v e n t  t h e  e x c e s s i v e  i n c r e a s e  i n  v e r t i c a l  v e l o c -  
i t y  e r r o r  & f t e r T R A a s  o b s e r v e d  i n  Ref. 1. That  i s  t o  s a y ,  
t h e  large v e r t i c a l  p o s i t i o n  e r r o r  due t o  t e r r a i n  model ing  
errors a t  TRA does n o t  p r o p a g a t e  i n t o  l a rge  v e l o c i t y  e r r o r s  
i n  a n y  c h a n n e l .  
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LANDING SITE 

The downrange velocity error exceeds the touchdown 
specification slightly. The dominant error source is the 
HLS range second-order markov, which again underlines the 
need for a better understanding of the frequency and magni- 
tude of this error source and may warrant an investigation 
of techniques for minimizing its effects. The crossrange 
velocity is within the touchdown specification. The major 
contributors to this error are the MLS azimuth bias and 
second-order markov, and the initial conditions. 

BUS VERTICAL R!!S VEilTICAL 
POSITIOA' ERROR LAhTXSG SITE POSITIOS ERP.OR 

AT TOUCHDOWN (ft) , AT TGLCIIDOKK ( f t  1 

The terrain modeling error included in Table 4.4-6 

is for runway 30 at Vandenberg AFB. The contributions of the 
terrain modeling errors to vertical position errors for the 
other primary landing sites and for the secondary sites at 
Andersen AFB and Eickam AFB are presented in Table 4.4-7.  

Only :'andenberg's runway 30 and Andersen's North runway 
(southwest approach) yield vertical position errors at 
touchdown which exceed the runway specification. 

TABLE 4.4-7 

CONTRIBUTION OF TERRAIN MODELING ERROR 
TO VERTICAL POSITION ERROR AT TOUCHDOWN 

T-053 

Edwards AFB 
Runway: 4 

17 
22 
35 

- Kennedy Space C e n t e r  
Runway: 15  

33 

Vandenberg AFB 
Runway: 12 

30 

0 . 4  

0.0 
0.0 
0: 9 

1 . 0  
0.0 

2.1 
3 . 7  

i Andersen APB 
North Runway: 

NE Approach 
S1:' Approach 

South Runway: 

SI\' Approach 
:iE Apprcach 

Hicka?. AFB 
Runway: 8 

26 

0.5 
3 . 1  

2 . 6  
2.0 

0.0 
0.0 
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Appendix D contains detailed computer printouts of 
all error contribution time historizs corresponding to 
Tables 4.4-4 through 4.4-7 .  Of note are the large misalign- 
ments observed in the tables for Group 1 (initial positions 
and velocities, and misalignments), Group 2 (accelerometer 
biases), Group 7 (gyro bias drifts) and Group 12 (baro altimeter 
bias, scale factor and static defect). These errors are 
transients due to the filter's attempt to estimate platform 
misalignments based on a combination of MLS measurements 
and the assumed correlations between the misalignments and 
velocity errors at 20,000 ft. In order to demonstrate 
that these errors are in fact transients, a partial error 
budget was generated using a 12 state Kalman filter down 
to the runway threshold. The filter substantially reduced 
the misalignments between the baseline TSw(alt=12,000 ft) 
and the runway threshold. Elimination of some of the 
filter difficulties discussed in Section 4 . 4 . 1 ,  such as an 
overly pessimistic filter covariance above 20,000 ft, 
should improve the filter-predicted correlations between 
velocity errors and misalignments and thus reduce the 
transients. 

In summary, the navigation filter performs reasonably 
well down to touchdown. The transition from a Kalman to a 
complementary filter is made without significant transients 
in the estimates, and the fixed NLS and radar altimeter gains 
maintain reasonable navigation accuracy. The only significant 
departure from the touchdown specification is in vertical 
velocity, although downrange velocity and all three components 
of position are also out-of-spec. There is evidence to 
suggest that the velocity estimates at touchdown and the 
vertical position performance prior to the first radar 
altimeter measurement could be improved with a more judicious 
choice of complementary filter gains, but it is doubtful that 
the vertical velocity specification could be met. 
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4.5 ENTRY, PRELAND AND LANDING SENSITIVITY ANALYSIS 

T h i s  section c o n t a i n s  s e v e r a l  c u r v e s  i n d i c a t i n g  t h e  
s e n s i t i v i t y  of  n a v i g a t i o n  system performance t o  v a r i a t i o n s  
i n  t r u t h  model error s o u r c e  s ta t i s t ics  ( w h i l e  h o l d i n g  f i l t e r  
pa rame te r s  f ixed)  f o r  t h e  e n t r y ,  p r e l a n d  and l a n d i n g  naviga-  
t i o n  phases. These " f i x e d  f i l t e r "  s e n s i t i v i t y  c u r v e s  i l l u s -  
t r a t e  t h e  effect  of an  unknown v a r i a t i o n  i n  t h e  r m s  v a l u e  
o f  a n  e r r o r  s o u r c e  or  group of error s o u r c e s .  

The baseline error budget  f o r  t h e  e n t r y  n a v i g a t i o n  
phase,  T a b l e  4.4-1, i n d i c a t e s  t h a t  t h e  i n i t i a l  c o n d i t i o n  
errors dominate  t h e  v e r t i c a l  and c r o s s r a n g e  v e l o c i t y  errors. 
F i g u r e  4.5-1 p r e s e n t s  v e r t i c a l  v e l o c i t y  error s e n s i t i v i t y  a t  
145,000 f t  t o  i n i t i a l  p o s i t i o n  and ve loc i ty  e r r o r s ;  F i g .  4.5-2, 
t h e  c r o s s r a n g e  v e l o c i t y  error s e n s i t i v i t y  t o  i n i t i a l  m i s a l i g n -  
ment errors. An i n c r e a s e  i n  t h e  i n i t i a l  c o n d i t i o n  errors i n  
e i the r  case r e s u l t s  i n  s u b s t a n t i a l  i n c r e a s e s  j.n t h e  v e l o c i t y  
errors - a factor of t w o  worsening of i n i t i a l  c o n d i t i o n  errors 
would r e s u l t  i n  a t  least  a 67% i n c r e a s e  i n  t h e  v e r t i c a l  v e l o c i t y  
error and a 100% i n c r e a s e  i n  c r o s s r a n g e  v e l o c i t y  error. 
Halving t h e  i n i t i a l  p o s i t i o n  and v e l o c i t y  u n c e r t a i n t y  
would y i e l d  on ly  a 29% improvement i n  v e r t i c a l  v e l o c i t y  
e r r o r .  However, s i m i l a r l y  r educ ing  t h e  i n i t i a l  mi sa l ign -  
ment  u n c e r t a i n t y  ( t o  140 s?c) would y i e l d  a nearly 40% 

improvement i n  t h e  c r o s s r a n g e  v e l o c i t y .  

A t  20,000 f t  t h e  v e r t i c a l  v e l o c i t y  channel  is domi- 
n a t e d  by i n i t i a l  c o n d i t i o n  errors and t h e  bar0 altimeter 
bias ,  scale f a c t o r  and s t a t i c  defect errors. The s e n s i t i v i t y  
of t h i s  e r r o r  t o  t h e  bar0 al t imeter  e r r o r s  is p r e s e n t e d  i n  
F i g .  4 . 5 - 3 .  Because of t h e  presence of o ther  major  error 
s o u r c e s ,  t h e  e f f e c t s  of v a r y i n g  t h e  bar0 alt imeter uncer -  
t a i n t i e s  are not  as d rama t i c  as obse rved  f o r  t h e  i n i t i a l  
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c o n d i t i o n  errors i n  F i g s .  4.5-1  and 4.5-2 .  S i n c e  t h e  i n i t i a l  
c o n d i t i o n s  errors c o n t r i b u t e  about as much as t h e  bar0 altim- 
eter u n c e r t a i n t i e s  t o  v e r t i c a l  v e l o c i t y  a t  20,000 f t ,  t h e  
s e n s i t i v i t y  c u r v e s  f m  these error s o u r c e s  would be q u i t e  
similar.  

Major error s o u r c e s  a t  TRA, 100 f t  above t h e  touch-  
down p o i n t ,  are t h e  MLS-related errors. The s e n s i t i v i t y  of 
t h e  ver t ical  ve loc i ty  error t o  t h e  MLS r a n g e  bias  u n c e r t a i n t y  
is shown i n  F i g .  4.5-4 .  Again, because  of o t h e r  error 
s o u r c e s  of e q u a l  impor tance ,  t h e  v e r t i c a l  v e l o c i t y  error is 
s e e n  t o  be be b a s i c a l l y  i n s e n s i t i v e  t o  changes i n  t h i s  error 
s o u r c e .  A s e n s i t i v i t y  curve for  t h e  bar0 altimeter uncer-  
t a i n t i e s ,  also a major c o n t r i b u t o r  t o  t h e  v e r t i c a l  ve loc i ty  
e r ror  a t  TRA, would be v e r y  similar t o  F i g .  4.5-4.  

In c o n t r a s t  t o  t h e  v e r t i c a l  v e l o c i t y  e r r o r ,  t h e  
downrange ve loc i ty  error a t  TRA is dominated by a s i n g l e  
error s o u r c e  - t h e  MLS r a n g e  second-order  markov error. 'me 
s e n s i t i v i t y  c u r v e  i n  F ig .  4.5-5 r e v e a l s  t h a t  doub l ing  t h e  
marKov u n c e r t a i n t y  would r e s u l t  i n  a 77% i n c r e a s e  i n  down- 
r ange  v e l o c i t y  e r r o r ;  w h i l e  a markov error of zero would 
y i e l d  n e a r l y  a 50% improvement i n  t h e  v e l o c i t y  error .  

The  f i n a l  s e n s i t i v i t y  c u r v e ,  F i g .  4.5-6, p r e s e n t s  
t h e  s e n s i t i v i t y  of c r o s s r a n g e  p o s i t i o n  error a t  touchdown 
t o  t h e  MLS azimuth bias  e r r o r ,  and i n d i c a t e s  t h e  appro3riate  
touchdown s p e c i f i c a t i o n .  I t  i s  clear t h a n  even i f  t h e  MLS 
b i a s  error were zero, t h e  touchdown s p e c i f i c a t i o n  s t i l l  would 
not be met. T h i s  arises because  t h e  AILS azimuth second-order 
markov error c o n t r i b u t i o n  is itself larger t h a n  t h e  spec i f i ca -  
t i o n .  The re fo re  t o  meet t h i s  s p e c i f i c a t i o n  bo th  hlLS azimuth 
errors must be s i g n i f i c a n t l y  r e d u c e d .  
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Figure 4.5-3 RhlS Vertical Velocity Error Sensitivity 
at 20,000 ft to Bar0 Altimeter Bias, 
Scale Factor and Static Defect Errors 
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Figure 4.5-4 RMS Vertical Velocity Error Sensitivity 
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Figure 4.5-5 RMS Downrange Velocity Error Sensitivity 
at 100 ft to MLS Range Second-Order 
Markov Error 
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Sensitivity at Touchdown to hILS 
Azimxth Bias Error 
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5. SUMMARY AND CONCLUSIONS 

A detailed analysis of Space Shuttle navigation has 
been presented. 
during each of the major mission phases - from prelaunch IMU 
calibration and alignment, throuah ascent and orbital opera- 
tions, to entry and landing. The ascent and orbital opera- 
tions studies evaluated the potential effectiveness of GPS- 
aided navigation in the 1@84+ time frame; the remaining 
studies considered navigation performance for the OFT-1 
mission in 1979. In each instance, the analytical tech- 
niques and navigation error models used for the study were 
described. Detailed navigation error budgets were genera- 
ted for nominal mission profiles and performance sensitivity 
to the dominant error sources was evaluated. A summary of 
the most significant findings of the study is presented in 
the following subsections. 

The study encompassed navigation performance 

5.1 ASCENT AND ORBITAL NAVIGATION 

The obJective of the ascent navigation study was to 
provide NASA with an assessment of potential navigation 
accuracy in the operational GPS (1984+) time frame. The 
Shuttle was assumed to be aquipped with a multichannel 
X-receiver capable of processing the high accuracy (P-code) 
satellite transmieeions. An 11-state navigation filter was 
designed and a candidate measurement sequence was def ined. 
The measurement sequence provided GPS measurement updates 
to the navigation state vector at a low update rate - range 
and range-rate measurements from one GPS satellite every 
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6 sec. 
b i l i t y  of t h e  GPS r ece ive r ,  but  was eelected t o  minimize the 
computational burden on t h e  Space S h u t t l e  computer. No 
signif icant  performance improvement would be a n t i c i p a t e d  by 
adopting a higher update rate. 

This  update rate is s i g n i f i c a n t l y  below t h e  capa- 

The r e s u l t s  of the asccsnt s tudy are presented i n  
Table 3-1. Rela t ive  t o  pure iner t ia l  naviga t ion ,  GPS-aiding 
can provide a factor of 100 improvement i n  posi t ion esti-  
mation a t  orbi t  i n s e r t i o n  and a factor of 30 improvement i n  
ve loc i ty  es t imat ion.  Furthermore, GPS measurements can be 

used t o  a l i g n  t h e  IMU during ascent .  Although 19N e r r o r s  
are t h e  major con t r ibu to r s  t o  t h e  remaining misa l ignment  
unce r t a in ty ,  t h e  error budget upon which Table 5-1 w a s  
based clearly indicate6 t h a t  t h e  navigat ion performance is 
completely dominated by GPS-related errors. T h i s  do minancc 
pf GPS-related e r r o r  sources  implies t h a t  navigat ion per- 
formance is i n s e n s i t i v e  t o  an inc rease  i n  t h e  magnitude of 
any o the r  error source as long as GPS is available. 

TABLF: 5-1 
EFFECT OF GPS IN REDUCING ORBIT INSERTION ERRORS 

*Errors at  midpoint of f inal  Orbital Maneuvering System (OMS) 
inrertion burn, 142 sec prior to  Insertion. 
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An important conclusion t o  be drawn from the  ascent  
navigation study is t h a t ,  when GPS-aiding is used, ascent  
navigation accuracy is not semsi t ive  t o  t h e  q u a l i t y  of the  
IMU or to  how accura t e ly  t he  IMU is calibrated and al igned.  
The role of the  IMU is t o  provide an i n e r t i a l  r e f e rence  w i t h  
short term s t a b i l i t y  so t ha t  GPS measurements taken at dif-  
f e r e n t  times can be **tied together" t o  genera te  an accurate 
navigation es t imate ,  
Space S h u t t l e  IMU without an ex tens ive  prelaunch c a l i b r a t i o n  
and alignment, 

This requirement could be m e t  by the  

NAVIGATION 
AID 

TDRSS 

GPS 

The present  base l ine  for  ope ra t iona l  Space S h u t t l e  
missions specifies the  Tracking and Data Relay Satellite 
System (TDRSS) as the  p r i n c i p a l  navfgation a id  for orbit  
determination. Table 5-2 compares orbit  determinat ion 
accuracy for TDRSS w i t h  t h e  r e s u l t s o f  t h e  GPS-aided orbi- 
t a l  navigation study. The table c l e a r l y  implies tha t  GPS 
can provide s i g n i f i c a n t l y  better navigat ion accuracy than 
TDRSS from shorter measurement sequences. Although t h e  GPS 

r e s u l t s  w e r e  based on a 2 min measurement sequence, compar- 
able accuracy could be obtained w i t h  only a f e w  seconds of 
data i f  t h e  navigation f i l ter  w e r e  optimized. These 

TABLE 5-2 
PROJECTED ORBIT DETEIUIINATION ACCIXACIES 

FOR TDRSS AND GPS ' 

LENGTH OF 

SEQUENCE ERRORS ERRORS 
(min) ( f t )  ( fPS 1 

bfEASuRBB6ENT RSS POSITION RSS VELOCITY 

5 -200 * N o t  Specified 

2 20 0 . 2  

*Data i n t e r p r e t a t i o n  subject  t o  q u a l i f i c a t i o n  discussed 
in Section 3 . 7 .  
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performance remlts, coupled waith the opemational advantage 
$hat GPS does not require gro und proceesing and subseauent 
uploading of the navigation solution, clearly favor GPS as 
the more desirable orbital navigation aid. 

5.2 PRELAUlUCE CALIBRATIOlQ BlBD ALIGNMENT 

The prelaunch calibration and alignment study was a 
continuation of the performance phase of the I W  Software 
Verification and Validation Program initially reported in 
Bef. 1. The emphasis was on development of a covariance 
analysis simulation for the OFT software. 
will be used to generate a detailed cal/align error budget 
in a subsequent study. 

This program 

5.3 EMTRY, PRELAND AND LANDING NAVIGATION 

The principal finding of the entry, preland and 
landing navigation study is that the navigation filter as 
described in Ref. 45 incorporates measurements from the 
navigation aids into the navigation solution in a reason- 
ably effective manner, particularly after ',he transition 
to landing navigation at 12,000 ft. Previous studies by 
TASC (Ref. 1) had uncovered a tendency for the velocity 
estimates generated by the filter to diverge following the 
switch to the complementary mode (t=Tsw) because of a 
dynamic coupling between the vertical and downrange esti- 
mates. The filter presented in Ref. 45 was modified by 
NASA to eliminate this coupling. As shown in F i g .  5-1 , 
downrange and vertical velocity errors increase somewhat 
during the landing phase, but the overall result is stable 
velocity estimation performance. 
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Complementary lode B e g i n s a t  Tsr 
F i g u r e  5-1 Velocity Per formance  Dur ing  Landing - 

The resul ts  of t h i s  and p r e v i o u s  TASC s tudies  suggest 
t h a t  t h e  basic n a v i g a t i o n  f i l ter  d e s i g n  has t h e  p o t e n t i a l  for 
a c h i e v i n g  n e a r - s p e c i f i c a t i o n  per formance  a t  touchdown, however, 
careful a t t e n t i o n  must be g i v e n  t o  f i l ter  parameter and g a i n  
s e l e c t i o n  i n  order t o  a t t a i n  t h i s  l e v e l  of performance. The 
candidate e n t r y  and p r e l a n d  parameter v a l u e s  provided by NASA 
are q u i t e  pessimistic and result i n  a number of major naviga-  
t i o n  perfoTmance anomal i e s ,  e .g . ,  a sudden i n c r e a s e  i n  naviga-  
t i o n  errors f o l l o w i n g  TACAN a c q u i s i t i o n .  S i m i l a r l y ,  although 
t h e  l a n d i n g  filter p r e v e n t s  v e l o c i t y  e s t i m a t i o n  d i v e r g e n c e ,  
there is c o n s i d e r a b l e  e v i d e n c e  t o  s u g g e s t  tha t  a p p r o p r i a t e l y  
selected g a i n s  c o u l d  improve v e l o c i t y  e s t i m a t i o n  a c c u r a c y  dur-  
i n g  l a n d i n g .  A thorough parameter tradeoff s t u d y  c o u l d  resu l t  
i n  an improvement i n  e n t r y ,  preland and l a n d i n g  n a v i g a t i o n  
per formance  o v e r  t h a t  predicted i n  t h i s  s t u d y .  

If subsequent  a n a l y s i s  shows t h a t  s a t i s f a c t o r y  
n a v i g a t i o n  per formance  canno t  be a t t a i n e d  w i t h  t h e  p r e s e n t  
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filter/navigation system cambination, an alternative would 
be to replace the navigation aids used prior to MLS acqui- 
sition with  GPS. 
potentially yield improved navigation performance with 8 

simpler navigation filter. 
this alternative will be completed by TASC during the next 
contract period. 

GPS-aiding during entry and preland could 

A quantitative evaluation of 
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APFENDIX A 
ANALYTIC EVALUATION OF TWO MECHANIZATIONS 

OF THE DRAG UPDATE FILTER 

The drag u p d a t e  f i l t e r  u sed  i n  t h e  Space  S h u t t l e  
e n t r y  n a v i g a t i o n  s y s t e m  d u r i n g  b l a c k o u t  employs a t y p e  of 
pseudo-measurement i n  order t o  improve t h e  on-board estimate 
of p o s i t i o n  and v e l o c i t y .  To date,  a n  atnospheric drag 

pseudo-measurement has  been assumed for  t h e  f i l t e r ;  however,  
t h e  a l t e r n a t i v e  of u s i n g  a n  a l t i t u d e  pseudo-measurement 
e x i s t s .  The Kalman f i l ter  u s e d  i n  t h e  computer  n a v i g a t i o n  
program r e q u i r e s  t h e  d e f i n i t i o n  of a measurement m a t r i x  HF 
for  t h e  pseudo-measurement. A d d i t i o n a l l y ,  i f  t h e  per- 
formance of t h e  drag u p d a t e  f i l t e r  is t o  be e v a l u a t e d  u s i n g  
a " t r u t h  model," t h e  measurement matr ix  HS f o r  t h e  t r u t h  
model must a l so  be d e f i n e d .  Two schemes for  f i n d i n g  HS, 
o n e  employing drag pseudo-measurements and t h e  o t h e r  employing 
a l t i t u d e  pseudo-measurements,  are described and compared i n  
t h i s  append ix .  

A . l  DESCRIPTION OF MECHANIZATIONS 

The atmospheric drag pseudo-measurement q m ( t )  is 
d e f i n e d  t o  be a d rag  a c c e l e r a t i o n  measurement c o n s t r u c t e d  from 
t h e  I N  accelerometer o u t p u t s .  T h e  e x p e c t e d  ( i . e . ,  p r e d i c t e d )  
d rag  a c c e l e r a t i o n  q ( t )  is computed from t h e  c u r r e n t  estimate 
of p o s i t i o n  and  v e l o c i t y ,  a n o m i n a l  atmospheric d e n s i t y  model 

and estimates of t h e  S h u t t l e ' s  aerodynamic c o e f f i c i e n t s .  The  

d i f f e r e n c e  betwe3n q , ( t )  and  q ( t )  is  t h e  r e s i d u a l  
P 

P 

( A .  1-1 ) 

A - 1  
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% 

r -  
f - i  

1MU 

which appears in t h e  update e q u a t i o n  f o r  t h e  t r u t h  model 
error s t a t e  v e c t o r  

- RELATIVE 
VELOCITY 

where 6xS(t’) is t h e  e s t i m a t i o n  error prior t o  t h e  update 
and 6%(t+) is t h e  e s t i m a t i o n  error after t h e  update. 
mechaniza t ion  is depicted i n  Fig.  A.l-1. 

T h i s  

* I 

11-20539 

f+ . ATMCSPHE2lC 
DENSITY 
MODEL 

AERODYNAMIC 
MODEL 

* 
Figure A.l-1 Simpl i f i ed  Conceptua l  V i e w  of Drag 

Pseudo-Measurement Mechanizat ion 

The matrices o f  f i r s t  p a r t i a l  d e r i v a t i v e s  Hm ( t )  
(t) re la te  s(t) and q p ( t ) ,  r e s p e c t i v e l y ,  t o  t h e  t r u t h  

9 
H 

pq 

*F igures  A.l-1 and A.1-2 are i n t e n d e d  t o  mere ly  i n d i c a t e  
c o n c e p t u a l l y  w h a t  f u n c t i o n a l  blocks are invo lved  i n  gen- 
e r a t i n g  t h e  pseudo-measurements v e r s u s  t h e  p r e d i c t e d  
v a l u e s .  These  f i g u r e s  i n  n o  wag a t t e m p t  t o  p r e s e n t  t h e  
d e t a i l e d  s t e p s  n e c e s s a r y  t o  deve lop  any of t h e  v a r i a b l e s  

and 
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model state vector. The measurement matrix for the truth 
model is then defined by 

(A.l-3) 

An alternative approach employing altitude pseudo- 
measurements %(t) and expected altitude h ( t )  can be used 
to generate the truth model measurement matrix. In this 
scheme the measured altitude is computed from IMU acceler- 
ometer outputs, current position and velocity estimates, a 
nominal atmospheric density model and estimates of the 
Shuttle's aerodynamic coefficients; while the expected altitude 
is interpreted from the current estimate of Shuttle position. 
Similar to Eqs. (A.1-1) and (A.1-2) the residual and error 
update equations are 

P 

Figure A.l-2 depicts this scheme. 

( A  1-4) 

(A. 1-5) 

Figure A . l - 2  Simplified Conceptual View of Altitude 
Pseudo-Measurement Mechanization 

A-3 



THE ANALYTIC SCIENCES CORPORATION 

H 
t h e  t r u t h  model s t a t e  v e c t o r ,  and HSh( t )  is t h e  t r u t h  model 
measurement matrix g i v e n  by 

( t )  and H ( t )  relate  h m ( t )  and h ( t ) ,  r e s p e c t i v e l y ,  t o  
mh ph P 

( A . l - 6 )  

T h i s  appendix  p r e s e n t s  a comparison of t h e s e  schemes,  
and answers t h e  q u e s t i o n  of whether  or  n o t  t h e  sys tem error 
s o u r c e s  have t h e  same e f f e c t  on t h e  per formance  f o r  b o t h  
mechan iza t ions .  T a b l e  A . 1 - 1  lists t h e  t r u t h  model s ta tes  
used  i n  e v a l u a t i n g  t h e  drag u p d a t e  f i l t e r .  

TABLE A . l - 1  

DRAG UPDATE TRUTH MODEL STATES 

Error Source Names 

I .  

XI. 

111. 

ESTIUATED STATES AND UNCORRELATED NOISES 
Group 1. 

Posit ion Errors 
Velocity Errors 
Platform Misalignments 
Accelerometer 'Biases' (First-Order Uarkovs) 
Correlated We~surement Error (First Order Markov) 

Drag 
NON-ESTILIATED, INU-RELATED STATES 
Group 2 .  Accelerometer True Biases 
Group 3 .  Accelerometer Scale Factor Errors 
Group 4 .  Accelerometer Wlsalignments 
Group 5. Accelerometer Nonlinearities 
Group 6. Gravitationnl Deflections and Anomalies 
Group 7. 
Group 8. Gyro Uass Unb;lances 
Group 9 .  Gyro Anisoelasticities 

Group 21. Non-Standard Density 

Gyro True Bias Drifts 

NOS-ESTIMATED. DRAG RELATED STATES 

1962 Standard Atmosphere Error 
Time-Varying Bias 
First-Order Markov 

Group 22. loa-Standard Kind 
Westerly (Time-Varying Bias) 
Headwind (First-Order Markov) 
Crosswind (Second-Order Markov ) 
Turbulence (First- and Second-Order Markovs) 

First-Order Markov 
Group 23. Non-Standard Aerodyearnics 

State 

1-3 

4-6 

7-B 
10-12 

13 

14-16 
17-19 

20-25 
26-28 

29-31 
32-34 

3 5 4 0  
4 1 4 3  

44 
45 

46 

47 
48 

40-50 
51-55 

56 

A -4 
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A.2 DRAG MEASUREMENT MECHANIZATION 

T h i s  s e c t i o n  is e s s e n t i a l l y  an  o u t l i n e  o f  Appendix 
C of  Ref .  2,  i n  which t h e  t r u t h  model measurement matr ix  
f o r  t h e  drag a c c e l e r a t i o n  pseudo-measurement case is de- 
ve loped .  The tex t  h e r e  p r e s e n t s  o n l y  t h e  h i g h l i g h t s  of  
t h a t  development .  Detailed der iva t ions  and d e f i n i t i o n s  can 
be found i n  t h e  n o t e d  appendix .  

The d r a g  acceleration pseudo-measurement e x t r a c t e d  
from t h e  accelerometer o u t p u t s  is 

(A.2-1) 

where L v ~ ~ ( t )  is a u n i t  v e c t o r  i n  t h e  d i r e c t i o n  o f  t h e  com- 
pu ted  r e l a t i v e  v e l o c i t y  and f c ( t )  is t h e  measured s p e c i f i c  
f o r c e .  The d i f f e r e n c e  between t h e  t r u e  d r a g  acceleration 
and t h a t  measured is 

Combining Eqs .  (A.2-1) and (A.2-2) t h e  p a r t u r b a t i o n  6 q J t )  can 
be d e f i n e d  by 

w h e r e  

and L v R ( t )  is a u n i t  v e c t o r  i n  t h e  d i r e c t i o n  of t h e  t r u e  
r e l a t i v e  v e l o c i t y  and - f ( t )  is  t h e  t r u e  s p e c i f i c  f o r c e .  T h e  

error 6f(t) - i n  measured a c c e l e r a t i o n  can be a t t r i b u t e d  t o  
t h e  s t a n d a r d  IMU accelerat ion e r r o r  s o u r c e s  d e f i n e d  i n  t h e  

A - 5  
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drag u p d a t e  t r u t h  model,  namely,  p l a t f o r m  misa l ignmen t s  
(Group 1) and accelerometer errors (Groups 2 t h rough  5). 
Thus, t h e  q u a n t i t y  L m ( t )  6 f ( t )  i n  Eq. (A.2-3) i n t r o d u c e s  
terms i n  H ( t )  r e l a t i n g  t o  t r u t h  model s t a t e s  7-9 and 14-28. 
The remain ing  term i n  Eq. (A.2-3) is g i v e n  by 

ms 

where 

( A .  2 - 5 )  

R -E 
and V ( t )  are t h e  computed pos i t i on  and v e l o c i t y  v e c t o r s ,  
r e s p e c t i v e l y .  Adding i n  these terms, r e l a t i n g  t o  p o s i t i o n ,  
v e l o c i t y  and non-standard wind error s ta tes ,  comple tes  H, ( t )  

is t h e  ear th  r a t e ,  xw(t)  is t h e  a tmosphe r i c  wind an6  $(t) 

-C 

9 

position v e l o c i t y  platform 

- v  - , -  
errors errors misal ignment s 

. I  T -F -L (n -E X )  -L F & TI/pFP 0 
I 1  ;; B 13 

accelerometer accelerometer 
biases scale factor errors 

LVR T I / P  I -VR TI /P  F4 / 
- 

I I T ' 1  T 

16 19 
I 

accelerometer accelerometer 
misalignments nonlinearities winds 
I T  t i V R  T r i p  F4 

I 

-. 

1 

55 25 28 46  

(A.2-6) 
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where T is the transformation matrix from platform to 
inertial reference coordinates; and Fp, Fg, Fq' F5 are 
matrices whose elements are the components of the specific 
force - f(t) coordinatized in platform coordinates. 

1 /p 

The computation of €Is (t) requires that H (t) also 
9 Pq 

be determined; the equation for 6 (t) must therefore be 
found. The expected drag acceleration is 

qP 

where CD (t) is the computed drag coefficient for the Space 
Shuttle, A is its cross-sectional area, and m is its mass. 
p (t) and VR (t) are the computed atmospheric density and 
computed relative velocity, respectively. The difference 
between the true drag and that computed is 

C 

C C 

From Eqs. (A.2-7) and (A.2-8) the relationship defining the 
perturbation 6q (t) is P 

which can be written in terms of the true drag as 

A-7 
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where 

( A .  2-11 ) 

Considering the drag coefficient term in Eq. ( A . 2 - l o ) ,  6CD(t) 
can be approximated by 

(A.2-12) 

where C~~ia,M,t) is the difference between the true Space 
Shuttle arag coefficient and that predicted by the drag 
coefficient computational model. Assuming that the drag 
correlated error and the non-standard aerodynamics errors 
are defined as percent deviations from their nominal values, 
the terms of Hp (t) corresponding t o  error states 13 (drag 
correlated measurement error of Group 1) and 56 (Group 23) 
can easily be written. The GD(t)/p(t) term in Eq. (A.2-10) 
is considered by first making the assumptions that the 
atmospheric density model from which p c ( t )  is computed is 
a simple exponential function of computed altitude hc(t) 

9 

and that the true atmospheric density satisfies 

(A.2-14) 

A -8 
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where h ( t )  is t h e  t r u e  a l t i t u d e ,  po and hsc are c o n s t a n t s  and 
p f ( R )  is t h e  i i f f e r e n c e  between t h e  t r u e  a tmosphe r i c  d e n s i t y  
and t h a t  p r e d i c t e d  by t h e  a tmosphe r i c  d e n s i t y  computa t iona l  
model. A first order expans ion  f o r  6 p ( t )  y i e l d s  

(A. 2-15) 

where i,(t) i o  t h e  u n i t  vector a l o n g  - R ( t ) .  
of t h e  error i n  expected d r a g  6 q  (t) on p o s i t i o n  and non- 
s t a n d a r d  d e n s i t y  errors is e v i d e n t  from Eqs. (A.2-15) and 
(A.2-10). The posi t ion error re la ted  terms i n  H ( t )  follow 
d i r e c t l y  from t h e  first term on t h e  r i g h t  hand s i d e  of 
Eq. (A.2-15). With t h e  assumpt ion  t h a t  t h e  non-standard 
d e n s i t y  errors are d e f i n e d  as p e r c e n t  d e v i a t i o n s  from t h e i r  
nominal v a l u e s ,  t h e  terms i n  H ( t )  related t o  t h e  Group 21 
error s ta tes  follow from t h e  p f ( R )  q u a n t i t y  i n  E q .  (A.2-15) 
and from E q .  (A.2-10). S u b s t i t u t i n g  Eq. (A.2-11) i n t o  t h e  
l a s t  term i n  Eq. (A.2-10) completes the  d e r i v a t i o n  of H ( t ) ,  
add ing  terms related t o  t h e  pos i t i on ,  v e l o c i t y  and non- 
s t a n d a r d  wind error s t a t e s .  

The dependence 

P 

pq 

pq 

pq 

drag 

error 
position velocity correlated 
errors errors - I -  1 - 1  I 

H ( t )  * q ( t )  1 
pq I 

3 6 12 

non-standard non-standard 
density error non-standard aerodynmics 

model wind e- - - 
I 1 T ;  
: 1  1 I : - -  2+i .. ; 1 
1 I I 

I I b R  I 

46 55 

I 1 
I I 

i o :  
I I 

13 43 

1 

! 
I 
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A.3 ALTITUDE MEASUREMENT MECHANIZATION 

Cons ide r  t h e  f o l l o w i n g  p a i r  o f  e q u a t i o n s  i n  wnich 
t h e  non-standard d e n s i t y  error  model term p f ( R )  h a s  been 
i g n o r e d .  

(A.3-1) 

(A.3-2) 

where a l l  v a r i a b l e s  have been p r e v i o u s l y  d e f i n e d .  E q u a t i o n s  
(A.3-1) and (A.3-2) r e p r e s e n t  t h e  s i t u a t i o n  i n  which a l t i t u d e  
and v e l o c i t y  are known p r e c i s e l y ,  t h e  accelerometers are 
p e r f e c t  and t h e  computa t iona l  models €o r  t h e  d rag  c o e f f i c i e n t  
and atmospheric d e n s i t y  a r e  exact .  S o l v i n g  fo r  h ( t )  y i e l d s  
t h e  a l t i t u d e  pseudo-measurement e q u a t i o n  

from w h i c h  t h e  relationship for  6 h  ( t )  c2n  be e a s i l y  
P 

es tab l i shed  

G h p ( t )  = hsc 

( A . 3 - 3 )  

The f i r s t  two terms on t h e  r i g h t  hand side of Eq. (A.3-4) 
a l s o  appear i n  Eq. ! A . 2 - 1 0 ) ,  and so a f f e c t  H ( t i  a s  t h e y  
a f f e c t  H ( t ) .  That  is t o  s a y ,  t h e s e  terms i n t r o d u c e  i n t o  
H ( t )  terms re l a t ed  t o  t h e  pos i t i on  and v e l o c i t y ,  non- 
s t a n d a r d  wind ,  non-standard aerodynamics  and d r a g  corrr=-. 
l a t e d  error s t a t e s .  The l a s t  term i n  E q .  ( A . 3 - 4 )  can be 

mh 

Pq 
mh 

c o n s i d e r e d  by f irst  n o t i n g  t h a t  q ( t )  = i ~ , , ~  ( t )  * f ( t ) l .  

A - 1 0  
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Then 6q(t) is given by Eq. (A.2-3), which equation completely 
determined %(t). 
terms in H, (t). 

Thus, 6q(t) inserts into &mh(t) all the 

9 

The final item of concern in developing &h(t) is 
to now consider a non-standard density error model term in 
Eq. (A.3-1), namely 

(A.3-5) 

where again, as before, cf(R) is the differecce between the 
true atmospheric density and that predicted by the atmospheric 
density computational model. Eq. (A.2-15) gives 6 p ( R )  as a 
function of 6h(t) 

(A.3-6) 

where bh(t) has been substituted in for &(t) 6y(t). 
equation can be solved for 6hm(t), 

This 

(A.3-7) 

The pf(R)/pc(t) term in Eq. (A.3-7) indicates the effect of 
the non-standard density error model on 6hm(t). 
this effect is the same as that exhibited by p f ( R )  on 6 
(from Eqs. (A.2-15) and (A.2-10)) in deriving €I (t). 
Therefore the matrix H, (t) is completely established. 

Note that 
(t) 

qP 
pq 

h 
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posit ion velocity 
err rs errors 

1 
- 

m m 

1 

3 6 

acce 1 er ome t er drag 
correlated error biases - - 

I I 
I 1 

1 0 ;  I 

I I 

platform 
misalignments - 

T 
LVR TI/P  FP i 

4 I 

b 
accelerometer 

scale factor errors -- - I 
T I 

&3R TI/P =3 I 
I - 
I Q 

12 13 16 is 
non-standard 

model 
accelerometer accelerometer density error 
misalignments nonlinearities - 5 - 

I 
I 

1 
I 
I -  
I 
I 

25 is 43 

1 non-stacdard 
noa-standard aerodynamics 

wind errors 
F_ 

T F  1 e* -L I 
0 1  1 - + -  

'A I 

46 

(A. 3-8 ) 

55 J 

To determine HSh(t), the matrix of first partials 
H (t) must also be developed. The altitude measurement, 
taken from the current estimate of Shuttle position, is 
given by 

ph 

(A.3-9) 

where & (t) is a unit vector in the direction of computed 
position and Ec(t) is the computed position vector. 
perturbation An the expected altitude 6h (t) can be determined 
by considering small perturbations about the nominal values 
in Eq. (A.3-9). These perturbations are illustrated in Fig. 

C 
The 

P 

A.3-1. 

A - 1 2  



THE ANALYTIC SCIENCES CORPORATION 

Figdre A.3-1 Definition of Perturbations 
in Position Vector and Unit 
Relative Position Vector 

The difference between the true altitude and t h a t  predicted 
is 

Ghp(t) = h(t) - h c ( t )  

= i (t) R(t) - i (t) q ( t )  
-RC -R (A .3-10) 

Using the definitions 

6iR(t) = iR(t) - i (t) 
*C 

in Eq. (A.3-10) yields 

(A.3-11) 

6iR(t) and R(t) are perpendicular, so 6AR(t) R(t) = 0. 
first order, an expansion of the last term in Eq.(A.3-11)yields 

To - - 

A-13 
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G h p ( t )  = LR(t) 6r(t) 

The measurement matrix H ( t )  is s imply  
ph 

(A. 3-12) 

I ' 1  I 0 J (A.3-13) 

3 
I 

A.4 COMPARISON OF MECHANIZATIONS 

The t r u t h  model measurement m a t r i x  u s i n g  t h e  drag 
measurement scheme is d e f i n e d  by 

( A  .4-1) 

which  from Eqs. (A.2-16) and (A.2-6) is 

I T 1 

I LVR TI/P f I LVR FP i - I T 

I I 1 9 I '  9 I 
I 

I 
I 

I 9 12 i3 16 

I 1 
I I ( A . 4 - 2 )  

I %i i I -VR I O  I 1 1  1 I - - + -  % Q 
43 46 55 56 

A - 1 4  



I f  t h e  t r u t h  model measurement matrix associated w i t h  t h e  

a l t i t u d e  measurement mechan iza t ion  is s i m i l a r l y  d e f i n e d ,  i . e . ,  

(A.4-3) 

t h e n  Eqs. ( A . 3 - 1 3 )  and (A.3-8) y i e l d  

1 I 
I i kT T1/p ; 

I I I 9 
f &ItT %/P FP I ; O i l ! -  

9 I '  
I 

1 
1 

I 9 12 13 is 

: 2-f i I : 0 1 1  1 1  I - -  

! I I I % 
I 

43 46 

( A .  4-4 ) 

Now, i n  t h e  a b s e n c e  of measurement n o i s e  t h e  

f o l l o w i n g  t w o  e q u a t i o n s  hold: 

w h e r e  

of t h  

&g(t)  h a s  been p r e v i o u s l y  d e f i n e d  t o  be 

t r u t h  model s t a t e  v e c t o r .  I n  order t o  

(A.4-5) 

(A.4-6) 

t h e  estimate 
xamine t h e  

e f f e c t s  of employing drag acceleration measurements v e r s u s  
a l t i t u d e  measurement t h e  r e l a t i o n s h i p  between Jq ( t )  and S 

A-15 
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6 h S ( t )  must be determined and t h e n  used t o  e s t a b l i s h  t h e  
p rope r  r e l a t i o n s h i p  between H ( t )  and H S h ( t ) .  From Eq. 
(8 .3 -3)  t h e  r e l a t i o n s h i p  between 6hS(x) and b q S ( t j  is 
e a s i l y  d e r i v e d  

s q  

hsc 
q ( t )  6q ( t )  6 h S ( t ) =  -- 

S u b s t i t u t i n g  Eq. (A.4-S) i n t o  Eq. (A.4-7) g i v e s  

from which it is clear from Eq. (3 .4 -6 )  t h a t  i f  

(A.4-7) 

(A.4-8) 

(A.4-9) 

t h e n  t h e  e f f e c t s  o f  employing d r a g  a c c e l e r a t i o n  measurements 
are no d i f f e r e n t  t h a n  t h e  e f f e c t s  o f  u s i n g  a l t i t u d e  measure- 
ments .  I t  is e a s i l y  s e e n  t L a t  Eqs. (A.4-2) m d  (A.4-4) 
s a t i s f y  t h e  r e l a t i o n s h i p  of Eq. (A .4 -9 ) .  Thus, t o  f i r s t  
o r d e r ,  t h e  t w o  mechan iza t ions  p e r s e n t e d  h e r e  y i e l d  t h e  
same e f f e c t  i n  t h e  performance e v a l u a t i o n  of t h e  d r a g  u p d a t e  
f i l t e r  . 

A - 1 6  
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APPENDIX B 
TRUTH MODEL DETAILS FOR THE 
CAL/ALIGN COVARIANCE ANALYSIS 

An error covariance simulation of the IMU calibration 
and alignment procedure consists basically of two operations: 
(1) propagation of Ihlu errors during a ground mode sequence, 
including least squares fit (LSF) estimation sequences and time 
delays for thermal stabilization, and ( 2 )  updates of IMU 
errors before and/or after an error propagation, including 
Settiiig the initial platform misalignment after a platform 
slewing, torquing out platform tilts, storing LSF estimates 
for later use and updating IMU error compensation terms. 
This appendix contains some of tine details required for de- 
fining the IhW error propagations and updates. Section B . l  
gives an explicit derivation of Coarse Alignment linearized 
error equations and Section B . 2  contains an analysis of the 
platform misalignments at the end of a platform reposition- 
ing operation. 

B . l  COARSE ALIGNMENT LINEAR ERROR ANALPSIS 

To implement the Coarse Alignment sequence of the 
covariance simulation program, it is necessary to express 
each measurement or computation performed during that sequence 
in terms of the IhIU errors via a linear relationship. This 
linear relationship is then used to generate an update matrix 
as needed f o r  Eqs. (3.2-5) and (3.2-6). 

B-1 
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Coarse Alignment starts w i t h  a p l a t f o r m  p o s i t i o n  
gi*;cil by caged gimbals. To keep t h e  subsequent  a n a l y s i s  s i m p l e  
assume, w i t h o u t  loss of g e n e r a l i t y ,  t h a t  t h e  i n i t i a l  p l a t f o r m  
o r i e n t a t i o n  is s u c h  t h a t  t h e  mechanical  gimbal a n g l e s  a re  
zero. The f i r s t  s t e p  t h e n  is t o  measure t h e  gimbal a n g l e s :  

@m = 9, + ORE 

em = e t  + PE 

am = at + IRE 

$m = $t + AZE 

(B.1-1) 

where 

9,, gm, 5,. a m a re  t h e  measured o u t e r  r o l l ,  
p i t c h ,  az imuth  and i n n e r  r o l l  
gimbal a n g l e s ,  

a n g l e s ,  

s u r i n g  t h e  co r re spond ing  g in-  
bal a n g l e s  ( r e s o l v e r  o f f s e t s ,  
r e s o l v e r  harmonic errors, 
r e s o l v e r  randomness and quan- 
t i z a t i o n ,  e t c . )  

- - Qt = a = 0 are  t h e  mechanica l  gimbal t et = 5t 

ORE, PE, AZE, IRE a r e  errors i n c u r r e d  i n  mea- 

T h e  measured angles  are then used  t o  compute a t r a n s -  
formation from n a v i g a t i o n  base t o  p l a t f o r m ,  TpIB 

(2.1-2) 

B-2 
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S i n c e  the measured a n g l e s  h, em, am, and $m are a l l  s m a l l ,  
T P/B becomes 

TP/B 

where 

2 X 0 -x3 X 

-x2 

( $ ) x = [  x3 :l -ill 

(B.l-3) 

( B  . l-4 ) 

first d e f i n e  t h e  
P/B 

To d e t e r m i n e  t h e  error i n  T 
n a v i g a t i o n  base axes c o r r e s p o n d i n g  t o  a p e r f e c t  IMU. L e t  
these a x e s  be r e p r e s e n t e d  by t h e  sub index  0 (see S e c t i o n  A . 3  
of Ref .  1) and d e f i n e d  as f o l l o w s :  

xo = o u t e r  r o l l  a x i s  

yo = p e r p e n d i c u l a r  t o  x and i n  t h e  p l a n e  of t h e  
ou te r  r o l l  gimbal $hen t h e  mechanica l  a n g l e  
of t h i s  gimbal is zero. 

With t h e s e  d e f i n i t i o n s  TNBP c a n  now be w r i t t e n  as 

(B.l-5: 

(1) When t h e  mechanical  gimbal a n g l e s  a r e  zero t h e n  T is 
a f u n c t i o n  of t h e  three s m a l l  gimbal nonorthogona?4!ies 
o n l y .  

B - 3  
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where 

0 
expressed in "0" P/B * 

WG = Misalignment error of T 
coordinates 

a = Azimuth gimbal nonorthogonality 

b = Pitch gimbal nonorthogonality 

DP = Outer roll gimbal nonorthogonality calibration 
error 

G 
Substituting Eq. (B.l-3) into Eq. (B.1-6) and solving for $ 

results in 

ORE + IRE 
(B.l-7) 

The next step in Coarse Alignment is to estimate the 
transformation from reference to platforrn,Tp/L, via a least 
squares fit to accelerometer data .  
transformation matrix generated, then 

be the actual Let T~ / LCA 

(B . l-8 ) 

L where qCA 

reference 
mation at 

expressed in 
is the true transfor- 
L/LCA ' 

are the misalignment errors of T 
(level) coordinates, and T 
the beginning of Coarse Alignment. 

P/L 

are now combined to give the trans- P/B and T T~ / LCA 
formation from navigation base to reference, TNBR: 

(B.l-9) 

B-4 REPRODUCIBILITY OF THE 
ORIOWAL PAGE IS POOR 
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Now, if t h e  error  i n  TNBR is r e p r e s e n t e d  by t h e  misa l ignment  
vector  I),,, t h e n  TNBR c a n  also be e x p r e s s e d  i n  terms o f  t h e  L 

t r a n s f o r m a t i o n  frDm outer  r o l l  c o o r d i n a t e s  t o  r e f e r e n c e ,  TLIO: 

( B  . 1-10) 

Combining E q s .  (B.l-5) t o  ( B . 1 - 1 0 )  t o  e l i m i n a t e  TpIB, TpILCA 
and TNBR one o b t a i n s  

( B .  1 - 1 1 )  

or 

( B . 1 - 1 2 )  

w h e r e  $L is d e f i n e d  below. CA 

r e p r e s e n t s  t h e  error i n c u r r e d  I n  E q .  ( B . 1 - 1 2 )  qNBR r, 
i n  e s t i m a t i n g  t h e  t r a n s f o r m a t i o n  :*-om n a v i g a t i o n  base a x e s  
t o  r e f e r e n c e  a x e s ,  $: 
by Eq. (B.1-7), and +kA r e p r e s e n t s  t h e  error i n  e s t i m a t i n g  
t h e  t r a n s f o r m a t i o n  from r e f e r e n c e  t o  p l a t f o r m .  The l a t t e r  is  
r e l a t e d  t o  t h e  LSF f i l t e r  o u t p u t  errors as fol lows 

is a f u n c t i o n  o f  IMU errors as d e f i n e d  

( B .l-13 ) 

B-5 
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where 

L 601 is t h e  LSF e s t i m a t i o n  error  of t h e  n o r t h  
a c c e l e r a t i o n  

is t h e  LSF e s t i m a t i o n  error of t h e  west 
a c c e l e r a t i o n  

L 

a i L  is t h e  LSF e s t i m a t i o n  error of t h e  n o r t h  
a c c e l e r a t i o n  rate 

G is t h e  local  g r a v i t y  a c c e l e r a t i o n  

fiN is t h e  n o r t h  component of t h e  ear th ' s  
r o t a t  i o n  

L A t  t h e  end of Coarse Alignment t h e  misa l ignmen t s  $mR are 
stored i n  ce r ta in  dummy s ta tes  and saved  f o r  subsequent  
u s e .  These misal igGments  would be u s e d ,  fo r  i n s t a n c e ,  when 
s i m u l a t i n g  a platform r e p o s i t i o n i n g  operat ion.  The r i g h t  
hand s ide  of E q .  (B.1-12) is a l i n e a r  combina t ion  of s e v e r a l  
IEIU errors, and t h i s  r e l a t i o n s h i p  w i l l  be used t o  g e n e r a t e  
t h e  s t o r a g e  m a t r i x  (as r e q u i r e d  i n  E q s .  (3.2-5) and (3.2-6)). 

B.2 PLATFORhl REPOSITIUNING LINEAR ERROR ANALYSIS 

When comple t ing  a p l a t f o r m  r e p o s i t i o n i n g  o p e r a t i o n ,  
t h e  f i n a l  p l a t fo rm p o s i t i o n  is  s u c h  t h a t  t h e  r e l a t i o n s h i p  

= TRD TNBR (B.2-1) 
P / B  
T 

is s a t i s f i e d ,  wzre 

T = transformation from n a v i g a t i o n  base t o  p l a t -  *IB form computed from measured gimbai a n g l e s  
( s e e  E q .  B.l-2) 

p l a t  lorm , 

ence  d e t e r m i n e d  d u r i n g  Coarse A l i g n m e n t .  

TRD = d e b i r e d  t r a n s f o r m a t i o n  from reference t o  

ThBR = transformation from n a v i g a t i o n  base t o  ref?r- 

B-6 
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When E q .  ( B . 2 - 1 )  is s a t i s f i e d ,  t h e n  t h e  gimbal angles fo r  a 
per fec t  gimbal t r a i n  would be S , c ,  e t ,  and $,. 

t i on  from outer r o l l a x e s  (see d e i j n i t i o n  i n  Section B . l )  t o  
platform axes is therefore  

The transforma- 

T (B.2-2) 

or 

. l o  0 

0 cos @t -sin 9, 

-sin 0 0 cos et 0 sin 0, cos $t 
TP/o 

(B.2-3) 

and t h e  measured gimbal angles correspoxiding t o  t h e  imperfect 
gimbal t r a i n  a re  r e l a t ed  t o  t h e  idea l  gimbal angles as follows: 

IRE 

AZE - b + DP/COS et 
(B.2-4) 

w h e r e  

IRE,ORE,PE,AZE a r e  the  inner r o l l ,  outer  r o l l ,  p i t c h ,  
and azimuth resolver  e r r o r s  - including 
resolver  o f f s e t s ,  resolver  harmonics 
and resolver  measurement e r r o r s  and 
quant izat ion,  

r o l l  gimbal nonorthogonality e r r o r s .  
a,b,DP a r e  t h e  azimuth, p i t c h ,  a & ' o u t e r  

The measured gimbal angles a re  then used t o  compute 
t h e  transformation from navigation base t o  p la t form,resu l t ing  
i n  

B-7 
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TP/B = T+t [I + At] T~~ irmt [I + P X ]  

or  

where 

N w sol 

6 
T I  

L 
2, = TL/P 4, 

BL = TLI06' 

I RE 

AZE - b + DP/COS e, 

ORE + DP t a n  kt 
e o =  ( ; ) 

(B.2-5) 

(B.2-6) 

(B.2-7) 

(B.2-8) 

(B.2-9) 

(B. 2-10) 

Ying Eq. (B.2-1) for the d e s i r e d  platform 
orientation, TRD, and subsequently substituting Eqs. (B.2-5) 
and (B.1-10) into the result yields 

P/B TNBRT 'A 7 = T  ( B .  2-11) 

(I3 .2-12) 

B - 8  
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In Eq. (B.2-12),TRD and Tp/L are t h e  desired and t h e  r e s u l t i n g  
t r a n s f o r m a t i o n  matrices from r e f e r e n c e  t o  p l a t f o r m ,  r e s p e c t i v e l y .  
T h e r e f o r e ,  t h e  i n i t i a l  p l a t f o r m  misa l ig -en t  r e s u l t i n g  from a 
cluster r e p o s i t i o n i n g  is 

(B. 2-13) 

o r ,  after s u b s t i t u t i n g  Eqs. (B-1-12), (B.1-7), (B.2-9). and 
(B. 2-10) 

' \AZE - b 

Note t h a t  when $t = a  = 

t h e  p l a t f o r m  is e x a c t l y  
t 

(B. 2-14 ) 

(I = 0 t h e n  t h e  error i n  r e p o s i t i o n i n g  

e q u a l  to the error i n  e s t i m a t i n g  t h e  

t r a n s f o r m a t i o n  from reference t o  platform d u r i n g  Coarse Al ign-  
men t ,  whicfi is what one would e x p e c t .  

In t h e  c o v a r i a n c e  s i m u l a t i o n  program a p l a t f o r m  
r e p o s i t i o n i n g  can t h e r e f o r e  be s i m u l a t e d  by a n  i n s t a n t a n e o u s  
change i n  p l a t f o r m  o r i e n t a t i o n  f o l l o w e d  by a n  a s s ignmen t  of 
i n i t i a l  p l a t f o r m  m i s a l i g n m e n t s  a c c o r d i n g  t o  Eq. (B.2-14). 

B-9 
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APPENDIX C 
ERROR CONTRIBUTION TI!= HISTORIES: 

DEORBIT TO 20,000 FT 

This appendix presents the time histories associated 
with the error budget results summarized in Section 4 . 4 . 1 .  

The data is presented ir; tztxlar form with each table indi- 
cating the rms errors ia position and velocity, and the 
rms value of the platform alignment estimates, in both the 
R (runway) and V (relative velocity) coordinate frames which 
result from a specific error source or group of errors. 

The time points in each table begin at deorbit 
burn and are printed at appropriate time intervals down 
to MLS acquisition. Time points are also included just 
before and after each external navigation aid is activated. 
Thus there are two rows of data for each of the following 
times (see Table 4.1-1): 

TDRAF = 1375.19 sec 

T~~~~~ = 2239.19 sec 

TBA = 2496.47 sec 

The final row in each table presents the rms errors just 
prior to the first MLS measurements at an altitude of 
20,000 ft: 

= 2723.03 sec T! ILS 

In addition, the rms value of each of  states 1C through 
12 is gi i -en a t  2 0 , 0 0 0  ft. The magnitudes and mathematical 

c-1 
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description of the error sources are given in Section 4.3. 
Units are in feet, f p s ,  and radians. 

c-2 
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APPENDIX D 
ERROR CONTRIBZiTION TIME HISTORIES : 

20,000 FT To Toucmm 

T h i s  appendix p r e s e n t s  t h e  time histories associ- 
ated w i t h  t h e  error budget r e s u l t s  summarized in S e c t i o n  
4.4.2.  The data is p r e s e n t e d  i n  t a b u l a r  form w i t h  each 
table i n d i c a t i n g  t h e  rms errors i n  p o s i t i o n  and v e l o c i t y ,  
and t h e  r m s  v a l u e  of t h e  p l a t f o r m  a l ignmen t  estimates, i n  
both t h e  R :runtRay)and V ( r e l a t i v e  v e l o c i t y )  c o o r d i n a t e  
f rames ,  which r e s u l t  from a specific error s o u r c e  o r  group 
of errors. 

The t i m e  p o i n t s  i n  each table begin at  tILS a c d u i s i -  
t i o n  and are p r i n t e d  a t  a p p r o p r i a t e  t i m e  i n t e r v a l s  there- 
a f t e r  Time p o i n t s  are also  i nc luded  j u s t  before and 
af ter  processing of t h e  first radar altimeter measurement. 
Thus t h e r e  are t w o  rows of data for  each of t h e  following 
times ( .e Table 4.1-1): 

= 2723.03 sec T~~~ 
Tu = 2809.43 see 

A s i n g l e  r o w  of each table cor responds  t o  t h e  i n i t i a t i o n  
of t h e  l and ing  phase: 

TSK = 2749.91 sec 

The nagn i tudes  and mathematical d e s c r i p t i o n  of t h e  e r r o r  
sources a r e  g iven  i n  Section 4 . 3 .  U n i t s  are  i n  feet ,  fp s ,  

and radians.  
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